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IKTRODUCTION

Alternative fuels, such as solvent-refined coal (SRC), shale oil, and biomass,
are gaining more importance as energy sources, as the scarcity of crude oil
increases. Fractionation of these fuels into acidic, basic and neutral compo-
nents is a generally accepted method of separation that has been widely ap-
plied for the characterization of coal-derived 1iquids (1-6) and shale oil
(7,8). Various schematics have been utilized for this kind of separation,
among which aqueous extraction (1,7,10,11), ion exchange chromatography (6,9,
12) and selective isolation of N-containing compounds by HCl-precipitation
(2,3,5) or organometallic-coordination chromatography (6,12,13) have been the
most commonly used.

Many of these schematics possess a number of disadvantages and/or limitations.
The limited solubility of the protonated bases in the aqueous acid (aqueous
actd extraction) (11,14) and the selective precipitation of the aromatic ba-
ses by HC1 (HC1 precipitation) (15) are just examples. The work by seve-
ral authors (10,11,14,15) demonstrates that the basic fractions generated by
different base isolation methods are not identical, and in some cases posses
significant structural differences (15).

The inadequacy of the existing methods, in their present form, suggested to
us that there is a need for a general and integrated acid base-neutral separa
tion schematic. Such a schematic should be applicable to various kinds of 1i=
quid fuels, should avoid any extraction or precipitation steps and rely ins-
tead on chromatography. We have undertaken the development of this separation
scheme using a large number of standards that represent the various chemical
classes generally found in liquid fuels.

One "silica gel modified with KOH" column and one cation exchange resin co-
Tumn were employed for the fractionation. Mixtures of the various standards,
as well as the alternative fuels, were separated into acids, bases and neu-
trals fractions which were then characterized by Gas Chromatography/Mass
Spectrometry (GC/MS).

EXPERTMENTAL

Preparation of the packing materials for column-chromatography

Amberlyst 15, the cation-exchanger utilized, and the silica treated with KOH,
were prepared according to the literature (9,16). In this work, 20 gm of the
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cation-exchange resin,slurried in tetrahydrofuran; and 20 gm of the KOH trea-
ted silica, slurried in isopropanol-chloroform mixture, each was mechanically
stirred for 30 minutes before being introduced into a 500 x 11 mm I.D. glass
colunm fitted with a teflon stopcock and a piece of glass wool to retain the
packing material. The modified silica column was then washed with 100 ml of
chloroform while the resin column with 100 m1 of n-hexane, each solvent of
which serving as a first eluent.

Fractionation of standard mixtures on both columns

Separate mixtures of acids, bases and neutrals standards were prepared so as
to contain 300 mg/ml of tetrahydrofuran. The composition of these standards
appears in Table 1. The retention behaviour of the separate mixtures, on both
columns,, was monitored gravimetrically (and later studied by GC/MS) by injec-
ting 1 m1 of each mixture on each of the two columns and collecting fractions
in vials of 5 ml each. Fractions were evaporated to constant weightby placing
the vials in a, home-made, water bath-heated block, set at 70°C and passing
Nitrogen at a low pressure. Figure 1 outlines the schematic used to fractio-
nate a total mixture of the standards, and later applied to the 1iquid fuels,
along with the eluents utilized to provide the optimum conditions for the
separation.

Gas Chromatography-Mass Spectrometry: Experimental Conditions

The GC/MS system used was an HP 5995 B equipped with a Tibrary search system.
The mass spectrometer was used in the electron impact (EI) mode with an ioni-
zation potential of 70 eV. Gas Chromatographic conditions appear as a footno-
te in Table 1. Standards were chromatographed individually and in their res-
pective mixtures of acids, bases or neutrals to determine their retention
characteristics and the best resolution conditions.

RESULTS & DISCUSSTON

Chromatogram 1 shows the total mixture of acids, bases and neutrals standards
before fractionation, while chromatograms 2, 3 and 4 are for the acidic, ba-

sic and neutral fractions, respectively,after the total mixture has been suc-

cessively separated on cation-exchange and silica modified columns, according
to the developed schematic in Fig. 1. Chromatograms 2 - 4 were generated un-

der identical chromatographic conditions for comparison purposes. These con-

ditions along with peak numbers identification appear in Table 1.

Chromatogram 1, in addition to being complex, shows that co-elution of seve-
ral of the components is inevitable, even with the slow temperature programm
employed. These problems are overcome after the total mixture is fractionated,
as chromatograms 2 ~ 4 confirm.

Chromatogram 2 shows that the acidic fraction is pure; no overlap of basic or

neutral components has been detected by GC/MS. Chromatogram 3 demonstrates "
that the basic fraction is slightly contaminated with some acidic components

(peaks 31, 33, 39 and 41). The contamination levels are low as indicated by N
the relative peak areas measurement. The only contamination of the neutral

components, in this same chromatogram, comes from 2-methyl indole (peak 34).

This compound behaves as a week base and can easily be trapped by a strong
cation-exchanger. This phenomenon is further emphasized in chromatogram 4 )
for the neutral fraction which shows the complete absence of 2-methyl indole. Y
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The strong overlap of 2-sec-butylphenol (peak 24) and 3-t-butylphenol (peak
25) with the neutral fraction in chromatogram 4, could be due to the steric
hindrance of the bulky buthyl groups to adsorption of these respective phenols
on the basic silica surface.

Chromatogram 5 shows a basic fraction isolated form a typical Brazilian SRC
(Mina do Leao) using the developed schematic. Conditions are the same as in
Table 1 except that a 50C/min temperature programn was used.

A portion of the total ion chromatogram (T.I.C.) for this same fraction is
displayed in chromatogram 6. Both the gas chromatogram and the total ion
chromatogram indicate that the various basic components have been well resol-
ved which makes their identification (not attempted) quite possible specially
knowing that this fraction should contain the basic compounds as the results
in chromatogram 3 indicate.

In conclusion, this work suggests that using the developed schematic any
mixture containing acidic, basic and neutral components can be effectively
separated into its respective chemical classes, with a minimum overlap among
these classes. The method can be refined a little more so as to yield even
purer fractions. Work along these lines is under study.
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CHEMICAL AND BIOLOGICAL EVALUATION OF OILS
AND TARS PRODUCED UNDER YARYING COAL
DEVOLATILIZATION CONDITIONS

Vassilis C, Stamoudis

Geochemistry Section
Energy and Environmental Systems Division
Argonne National Laboratory
Argonne, 1L 60439

INTRODUCTION

Oils and tars are among the major coal-gasification by-products having
potentially adverse health and environmental consequences. The production of oils and
tars during gasification, pyrolysis, and hydropyrolysis is related to the initial coal
devolatilization reactions. The yield has been shown to vary with temperature, pressure,
residence time, gas/solid contact, gaseous environment, and presence of catalytic
surfaces. Further, coal-gasification oils and tars have been shown to contain toxic
chemicals, including polynuclear aromatic amines and hydrocarbons {1-4]. A compre-
hensive report of an extensive study relating process conditions to chemical and
toxicological characteristics of coal-gasification oils and tars has been published [5]. A
summary of some of the results and important findings is presented here.

EXPERIMENTAL

Experiments were conducted in a 2-1b/hr entrained-flow reactor operated by the
Mellon Institute, in close cooperation with Environmental Research and Technology, Ine.
The samples were analyzed by Argonne National Laboratory. Forty-nine successful runs
of the reactor covered the following conditions: (a) reactor temperatures = 600°C,
800°C, and 1000°C; (b) gas-phase residence times = 0.2 s and 1.3 s; (¢) reactor pressures
= 3 atm and 10 atm; (d) reactant gases = He, Hy, CO4, and steam; and (e) coal types =
lignite and subbituminous coal. The organic by-products were trapped by means of three
successive traps, and the trapped condensates were combined in proportion to the
amounts produced. The combined oil/tar samples were then analyzed for organic
compounds using computer-controlled, fused-silica, capillary-column gas chromatography
(GC) (Hewlett-Packard 5880A). The aromatic relative retention index (RRI) [5,6] and the
concentration of each peak were calculated and printed using custom software. GC/mass
spectrometry (GC/MS) was used as necessary to confirm that the correct name was
assigned to each RRI.

The Ames mutagenicity of the heavy tar trap samples was measured using the
Ames assay (Salmonella TA98 strain with S-9 activation) [5]. All process conditions and
chemical and toxicological data were entered into a mainframe computer, where the
data were analyzed with great ease and flexibility by applying statistical analysis
routines (CMS/SAS).



RESULTS AND DISCUSSION

The chemical composition of the combined oil/tar samples (Fig. 1), varied
considerably, but the samples consisted mainly of aromatic compounds of one to four
rings (Fig. 2). Therefore, the combined oil/tar samples were monitored routinely by RRI-
GC for 62 chemicals, mainly one- to four-ring aromatic hydrocarbons (ranging from
benzene to chrysene), and certain phenols and naphthols, acetophenone, indole,
benzothiophene, benzofurans, and dibenzofuran.

In general, the most important of the process variables affecting chemical
composition and mutagenicity was temperature. As seen in Fig. 1, the 1000°C-run
samples were simpler mixtures in which phenols were absent and the level of alkylation
was much reduced (Fig. 3). The amount of chromatographable material in these samples
was very high. The mutagenicity of the heavy tar trap samples from the 1000°C runs
was moderate (Fig. 4). Because the 600°C-run mixtures were much more complex, an
additional 44 chemicals were monitored for several of these samples. The amount of
phenols was high, and more polar and higher molecular weight materials were present,
making the amount of nonchromatographable material higher. However, the muta-
genicity associated with the 600°C-run heavy tar trap samples was very low. The 800°C-
run combined oil/tar samples had both of the above characteristies -- a clearly higher
degree of alkylation, intermediate chromatographability, and high mutagenicity (Fig. 4).

CONCLUSIONS

The results of this study suggest that changes in coal devolatilization conditions
can significantly alter the chemical composition and toxicological properties of by-
product oils and tars. The results also emphasize the importance of computer-assisted
chromatographic analysis and data handling. Further, information of this kind is very
useful in helping managers and engineers to design and build energy efficient and
environmentally acceptable coal-conversion facilities.
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THE FORMATION OF HYDANTOINS IN GASIFIER CONDENSATE WATER

E.S. Olson, J.J. Worman, and J.W. Diehl

University of North Dakota Energy Research Center
Box 8213, University Station
Grand Forks, North Dakota 58202

A number of 5,5-diakyl and 5-alkylhydantoins have been detected in the condensate
water from the gasification of Indian Head (ND) lignite in the UNDERC slagging
fixed bed gasifier (1, 2). These compounds were characterized by extensive GCMS
studies (3) and quantitatively analyzed in samples of process water resulting from
various stages in a pilot scale gasifier water treatment plant at UNDERC (4, 5).
5,5-Dimethylhydantoin and 5-ethyl-5-methylhydantoin constitute the major portion
of the organic compounds remaining in the condensate water after extraction with
diisopropyl ether and steam stripping (5). Because of their biological activity,
they represent a potential health hazard in the effluents from a commercial
gasifier, Although hydantoins can be adsorbed on activated carbon (3) and
degraded by a bacterial nitrification system (6), the expense of removal from the
water Justlfles an effort to gain a better understanding of the formation of
hydantoins in the condensate water with the goal of predicting the extent to which
the reaction will occur under various conditions.

The hydantoins do not form directly in the gasifier. They were shown to be
either absent or present in low concentrations in water samples which were
collected from a side stream sampler on the UNDERC gasifier and quickly frozen.
When this side stream condensed water was heated in a constant temperature bath at
40°C, hydantoin concentrations increased in an approximately second-order
manner. The formation is believed to proceed by the Bucherer-Berg reaction, the
same reaction used in commercial hydantoin synthesis, from ammonia, carbonate,
hydrogen cyanide and various ketones and aldehydes at a pH of 8.5.

A kinetic study was undertaken to obtain useful rate data for this reaction
(7). Reliable and reproducible concentration data for acetone and cyanide were
impossible to obtain for the raw gasifier condensate water because of the presence
of reversible addition products of cyanide such as acetone cyanohydrin and 2-
amino-2-methylpropanonitrile as well as large amounts of sulfide. Thus a model
system was investigated where acetone cyanohydrin was reacted with excess ammonium
carbonate at concentrations approaching those obtained in the condensate water,
0.020M and 0.25M, respectively. The reaction was studied at 50°, 70°, and 90°C
using a capillary GC (0V351 phase) for the analysis of 5,5-dimethylhydantoin (DMH)
using 4-methoxyphenol as the internal standard (4).

Linear second order plots were obtained “for this reaction at the three
temperatures. Table I gives the calculated pseudo second-order rate constants and
linear regression fit.

Table I. Pseudo Second-Order Rate Constants and Least Squares Fit at various

Temperatures.
t(°C) 50 70 90
ky' 2 mole~lhr-1 1.86 3.60 4.62
r2 0.999 0.998 0.997
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The initial concentrations of acetone and cyanide were varied in order to
determine their effect on the rate of formation of DMH. When the acetone
concentration was doubled, keeping the original cyanide, ammonia, and carbonate
concentrations constant, the rate of the reaction doubled at 90°C. A decrease in
cyanide concentration to one-half of its original value decreased the rate by one-
half. Table II gives the values of the initial rates of formation of DMH at 90°C
varying acetone and cyanide concentrations.

TabTe TI. Initial Rate of DMH Formation at Varying Acetone amd Cyanide
Concentrations. Ammonia and Carbonate Concentrations Were Held Constant at 0.50M
and 0.25M, Respectively.

Initial Rate Acetone Cyanide
(mmoles £~ hr~*) Concentration (M Concentration (M)
123 0.02 0.02
220 0.04 0.02
60 0.02 0.01

In order to verify that the rate also depends on the concentrations of ammonia
and carbonate, which were present in large excess in these experiments, the 90°C
experiment was repeated using 0.02M acetone cyanohydrin and changing the
concentration of ammonium carboEate to 0.20M. The expected pseudo second order
behavior was agalin exhibited (r¢ = 0.998) and the observed rate constant was 2.8
liters mole~lhrl. The value ex?ect for 0.8 times the concentration of ammonia
and carbonate is 2.9 liters mole™*hr~*,

This established that the rate of formation of DMH was first order in all of
the reactants as expressed by the following equation:

Rate of formation of DMH = k [Acetone] [HCN] [NH3] [CO,]

This kinetic data is valuable in predicting the rate of formation of DMH in coal
gasification condensate water, provided the model is applicable. The pH of the
model solution and the condensate water remained constant at around 8.4, but the
effects of small changes in pH on the rate are not fully known.

In the earlier experiment with sidestream condensate water, it was noted that
the concentration of acetone decreased by one-half at the endpoint when the
hydantoin concentration no longer increased. This implies that the Timiting
species for formation of hydantoins in the UNDER gasifier water is cyanide. The
hydrogen cyanide peak in the GC analysis had also disappeared. When condensate
water was analyzed from initial runs of the Great Plains Gasification Plant which
uses coal of the same Beulah-Zap seam as Indian Head coal, negligible hydantoins
and HCN were found.

Similarly when Indian Head 1lignite was used 1in the METC gasifier, the
condensate water contained negligible hydantoins and HCN. In both cases acetone
and 2-butanone concentrations were significant.

Data on actual HCN concentrations in the raw gas and quenched gas are not
available for these gasifiers. A thorough study was reported by Anastasia on the
HYGAS gasifier using [11inois No. 6 coal (8). Although 10% of the nitrogen in the
coal was converted to HCN, only 1% of the total HCN entered the condensate
water. Most of the HCN (80%) remained in the gas phase (quenched gas) and the
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rest dissolved in the oil-tar phase. We expect that significant amounts of HCN
are also produced in the gasification of lignite and the factors which determine
how much of the HCN ends up in the condensate water are of importance.

One major factor for determining the cyanide concentration in the condensate
water is how long the aqueous phase is in contact with the gas phase and oil-tar
phase. Diffusion of the HCN at the interface of the aqueous phase with the gas
and o0il phases and subsequent reaction with acetone and acetone imine over a long
period of time will build up the concentration of cyanide addition products which
reversibly interconvert and eventually proceed to hydantoin. The residence times
for water in the UNDERC spray washer (quench water system) and tar-oil-water
separator are several hours which can allow for considerable diffusion buildup of
the cyanide conjugates which form significant amounts of hydantoin.
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A STUDY OF THE REDUCTION, ALKYLATION, AND REDUCTIVE ALKYLATION
OF A VOLATILE BITUMINOUS COAL

Narayani Mallya and Leon M. Stock

Department of Chemistry, University of Chicago, Chicago, IL 60637

INTRODUCTION

Reduction, alkylation, and reductive alkylation have been investigated by
several different research groups to increase the solubility of coals for struc-
tural studies and to develop a greater understanding of the chemical factors es-
sential for the conversion of the intractable coal molecules into soluble or li-
quid products (1,2). Several lines of evidence suggest that the higher ranking
bituminous coals with 88 to 89% C(daf) are more readily converted to products
that are soluble in common organic solvents than the lower ranking bituminous or
subbituminous coals. The structural factors responsible for the facile reduc-
tion reactions of the higher ranking coals have not, as yet, been established.
Accordingly, we have undertaken astudy of the relative effectiveness of reduc-
tion, alkylation, reductive alkylation and other reactions for the conversion of
a vitrinite-rich, low volatile bituminous coal from the lower Kittanning seam in
Pennsylvania--PSOC 1197--to soluble products and compared the results obtained
in }his work with the results obtained in previous studies of lower ranking
coals.

EXPERIMENTAL PART

The coal sample was obtained from the Pennsylvania State University Sample
Bank. The sample was ground to -325 mesh and then dried in vacuum at 60°C to
constant weight.

Reduction.--The coal was reduced in three different ways: A) the coal (1
g) was suspended in liquid ammonia (200 ml) with 64 mmoles of potassium; B) the
coal (1 g) was suspended in liquid ammonia (200 ml) with 110 mmoles of potassium;
C) the coal (1 g) was suspended in liquid ammonia (200 ml) with 68 mmoles of
potassium and 68 mmoles of 2-methyl-2-butanol. All the reactions were carried
out at -78°C for 6 hours. Ammonium chloride was added to the reaction mixture
to destroy any residual potassium and, thereby, interrupt the reaction. The
ammonia was then evaporated and dilute aqueous hydrochloric acid was added to
the residue. The mixture was filtered and the solid coal product was collected
and dried in a vacuum oven at 60°C.

Alkylation.--The sample of PSOC-1197 was also alkylated in three different
ways. Reductive butylation was carried out as described in a previous publi-
cation from this laboratory (3). About 60 mmoles of potassium and 80 mmoles of
butyl iodide were used in the reaction. Non-reductive butylation was conducted
using sodium amide in ammonia at -78°C as described by Ignasiak and coworkers
(4). 1n this reaction, the coal (1 g) was treated with sodium amide (15 mmoles)
for 6 hours. 1-Butyl iodide (15 mmoles) in benzene (50 ml) was then added to the
reaction mixture which was stirred for 48 hours. The reaction was terminated by
the addition of dilute, aqueous hydrochloric acid. The acidified coal product
was collected and dried in vacuum at 60°C. The conventional alkylation reaction
was carried out as described by Liotta and his coworkers (5). The coal (1 g) was
stirred with 22% tetrabutylammonium hydroxide (30 ml) for 3 hours. 1-Butyl io-
dide (15 mmoles) in tetrahydrofuran (50 ml) was added and the suspension was



stirred for 2 days. The reaction mixture was acidified by the addition of dilute
hydrochloric acid. The product was then collected by filtration, washed with
water, and dried in vacuum at 60°C.

Measurements.--The solubilities of the coals and the freshly prepared reac-
tion products in pyridine and tetrahydrofuran were determined by Soxhlet extrac-
tion. Elemental analyses were obtained by the Huffmann Laboratories and by the
Il1linois State Geological Survey. The solid state carbon NMR spectra (CP/MAS)
were measured at the National Science Foundation Regional Center at Colorado
State University using a JEOL FX 60Q system. The acidities of the coals and the
reaction products were determined using the procedures described by Schafer (6)
and Mallya and Zingaro (7).

RESULTS AND DISCUSSION

The results obtained in this investigation of the reduction, alkylation,
and reductive alkylation of a low volatile, bituminous coal with 88% C(daf) are
summarized in Tables t, 2, and 3. The original coal is only modestly soluble in
tetrahydrofuran and in pyridine. However, the reduction reactions of this coal
with potassium in liquid ammonia, reactions 1 and 2 in the Tables, proceed
readily to yield substances that are much more soluble in the organic solvents
than the original coal. The facility with which this coal is reduced is remark-
able, but not unexpected in view of the results obtained by Given, Wender, and
their associates in studies of the reduction of similar high ranking coals under
more vigorous conditions, for example with lithium in ethylene diamine (2). In
contrast, Illinois No. 6 coal is neither reduced nor rendered soluble to a signi-
ficant degree by reduction in liquid ammonia (1,3).

The reduction of the Lower Kittanning coal with 110 mmoles potassium/g coal
provides a much more soluble product than the reaction with 64 mmoles potas-
sium/g coal. The reducing agent was not consumed in these reactions. The mic-
roanalytical data suggest that about 10 hydrogen atoms/100C are added to the
coal in the reaction with 64 mmoles potassium/g coal and that about 12 hydrogen
atoms/100C are added in the reaction with 110 mmoles potassium/g. While it is
well known that the microanalytical determinations of the hydrogen content of
coals and coal products are subject to relatively large errors, we have no rea-
son to doubt the reliability of the data presented in Table 2. Thus, it seems
quite pertinent that the difference in the degree of reduction of the two sam-
ples is very modest compared to the change in solubility from 25 to 78% in te-
trahydrofuran and from 39 to 92% in pyridine. These two reaction products also
have virtually identical acid contents, Table 3. Thus, ether cleavage reactions
do not appear to be responsible for the much greater solubility of the reaction
product obtained with the greater concentration of the reducing agent. The ob-
servations are compatible with the idea that additional carbon-carbon bond
cleavage reactions occur when the concentration of the reducing agent is in-
creased. Metals in ammonia both reduce and fragment hydrocarbons such as the
tetraarylalkanes as illustrated in equation 1) (1,8). Accordingly, we postulate
that the higher concentration of reductant leads to a greater steady state con-
centration of aromatic anions with the result that a somewhat greater fraction
of these reactive intermediates undergo carbon-carbon bond cleavage reactions
during the reaction interval to produce more soluble, lower molecular weight
products. Only a few additional cleavage reactions are required to account for
the observations.

292




i e

T— T —

e

r

Ar,CHCHAr, - [ArZCHCHArZJ' - ArZCH' + Ar,CH. 1)

The reduction of the Lower Kittanning coal with potassium and 2-methyl-2-
butanol in liquid ammonia at low temperature provides an even more soluble pro-
duct, Table 1, reaction 3. As in the previous case, this reaction is ineffec-
tive for the reduction or solubilization of Illinois No. 6 coal (1). The mi-
croanalytical data imply that about 14 hydrogen atoms/100C have been incorpo-
rated into the structure of the low volatile bituminous coal. The f(A) values
determined at the National Science Foundation Center at Colorado State Univer-
sity, for the reduction product, f(A) = 0.69, and the coal, f(A) = 0.82, imply
that 21 hydrogen atoms/100C have been added to the coal. The large change in
aromaticity strongly suggests that the aromatic anions and carbanions formed
in the initial reduction reactions of this coal are efficiently trapped by the
proton donor and converted to alkylaromatic compounds, dihydroaromatic com-
pounds, and similar kinds of materials. The fact that a much more soluble pro-
duct is formed in this reaction in which the aromatic anions of unstable com-
pounds are rapidly protonated by the alcohol implies that reduction is as impor-
tant as carbon-carbon bond cleavage in the solubilization of this coal as il-
lustrated in equation 2)

HArCHZ- + HArCH2
[HArCHZCHZArH] 2)

S

HAr‘CHZCHZAr‘H2

The lower Kittanning coal contains 3.3 oxygen atoms/100C. Consequently, we
also investigated the role of ether cleavage reactions in its reduction reac-
tions. The original coal contains about 0.5 meq/g of acidic hydroxyl groups;
hence there is 0.6 reactive hydroxyl group per 100 carbon atoms. Within the
limits of the experimental error, the acidic hydroxyl group content of the
reduction products is the same as that of the original coal. To examine this
issue in another way, we alkylated the product of the reduction reaction with
carbon-13 labeled methyl iodide and recorded the NMR spectrum of the products.
No resonance signals were observed for O-methylation derivatives between 50 and
63 ppm. Thus, there are few acidic hydroxy groups in the coal product and ether
cleavage reactions do not contribute in an important way to the solubilization
of this high rank coal during reduction reactions in liquid ammonia. These re-
sults are compatible with the idea that the coal contains heterocyclic ethers
such as dibenzofuran. Compounds of this type are reported to undergo reduction
rather than carbon-oxygen bond cleavage when treated with metals in liquid ammo-
nia (9).

The lower Kittanning coal was alkylated in two ways. First, the reaction
was carried out with a relatively mild base, tetrabutylammonium hydroxide, and
1-butyl iodide in aqueous tetrahydrofuran as described by Liotta and his cowor-
kers (5). This reaction was ineffective for the solubilization of the coal
which has less than one acidic hydroxyl group per 100 carbon atoms. 1In a se-
cond attempt to alkylate this coal, the reaction was carried out with sodium
amide in liquid ammonia using 1-butyl iodide using a modification of the proce-
dure developed by Ignasiak and his coworkers (4). This method provided a product
that was 69% soluble in tetrahydrofuran and 83% soluble in pyridine. The result
contrasts sharply with the findings obtained previously for the Illinois No. 6
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coal which was not solubilized by this technique (1). The microanalytical data
and the carbon NMR spectrum of the product obtained in a non-reductive alkylation
with carbon-13 enriched methyl iodide are incompatible with a high degree of
alkylation of the coal. These observations, therefore, imply that base-catalyzed
carbon-carbon bond cleavage reactions, equation 3) are more important for the so-
lubilization of this coal than the alkylation reactions of the carbanions formed
during the reaction.

Coal

. Reductive alkylation of lower Kittanning coal with potassium and 1-butyl
iodide provides virtually complete conversion of the material into soluble
products. The exact weight gain could not be measured because it was not
possible to remove the organic contaminants, for example residual 1-butyl

. lodide, without also dissolving the reductively butylated coal. The micro-
analytical data imply that more than six butyl groups/100C have been in-
corporated into the structure. The degree of solubilization of this coal is
significantly greater than the degree of solubilization of the Illinois No. 6
coal realized in the same reaction. The carbon-13 NMR spectrum of the reduc-
tive methylation product obtained in the reaction with carbon-13 enriched
methyl iodide exhibits an intense band in the C-methyl region from 15 to 40
ppm, but only very weak, almost imperceptible resonances in the 0O-methyl re-
gion between 55 and 65 ppm. Thus, as in the other reduction reactions of this
coal, O-alkylation is an insignificant process. The resonances of the C-
methyl groups added to the coal appear in three distinct regions near 22, 28,
and 35 ppm, respectively. Unfortunately, the resonances are quite broad and
it will be necessary to examine other C-alkylation products to assign these
resonance signals with confidence.

CONCLUSION

Generally, coals are regarded as insoluble, intractable substances because of
their macromolecular character, significant hydrogen bonding interactions, and the
intermolecular interaction between unbonded aromatic molecules in different frag-
ments of the structure. Solubilization can be realized when these interactions
are disrupted or when the molecular weight is reduced.
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Inasmuch as there are few acidic hydroxyl groups in the lower Kittanning
coal, hydrogen bonding interactions do not play an important role in determining
its behavior in solubilization. Thus, O-butylation of the original coal results
in only a very modest increase in solubility. Moreover, no 0-alkyl groups are
introduced into this coal during reductive alkylation.

The carbon-oxygen and carbon-carbon bond cleavage reactions can reduce the
molecular weight of coal molecules. Several lines of evidence indicate that ether
cleavage reactions play an insignificant role in the reactions of the lower
Kittanning coal. First, there is no increase in the content of acidic hydroxy
groups after reduction. Second, there are only traces of 0O-alkylation products in
the reduced coals. Thus, carbon-carbon bond cleavage reactions are much more
probable under the conditions of these experiments. The fragmentation reactions
of anion radicals such as the simple reaction illustrated in equation 1) occur
during reduction and reductive alkylation. Base-catalyzed carbon-carbon bond
cleavage reactions of hydrocarbons, as illustrated in equation 3) may occur in the
presence of the strongly basic reagents during the non-reductive alkylation reac-
tions. The available results indicate that reduction alone leads to significant
increase in solubility and that reductive butylation using the same quantity of
reducing agent yields an even more soluble product. Also, previous studies by
Wachowska and her associates (10) indicate that the introduction of the large
butyl and octyl groups has a large impact on the solubility of the higher rank
coals. All these observations are in accord with the suggestion originally made
by Wender and his associates that the introduction of hydrogen atoms into coals
with significant aromatic character resulted in a disruption of the structure and
a reduction of the attractive forces between non-bonded aromatic structures. The
impact of the addition of hydrogen atoms is augmented, of course, by the introduc-
tion of large alkyl groups. Hence, reduction and alkylation when accompanied by
the facile carbon-carbon cleavage in the highly aromatic coal structures provide
quite soluble products.
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Table 1. A Summary of the Results Obtained in the Reduction, Alkylation, and
Reductive Alkylation of a Low Volatile Bituminous Coal from the
Lower Kittanning Seam (PSOC 1197).

Result

Sample Weight — Extractability (%,daf)?—

Origin Gain (%) Tetrahydrofuran Pyridine

Original coal - 4 6

1. Reduction, K(64 mmoles/g), 3 25 39
NH3, -78°C, 6 hrs

2. Reduction, K(110 mmoles/g), 2 78 92
NH3, -78°C, 6 hrs

3. Reduction, K(68 mmoles/g), 5 9 96
t-C4H90H, NH3.-78°C, 6 hrs

4. Alkylation, N(C4H9)4OH, C4H91 1 16 10
(13 mmoles/g), THF, Ambient
T, 48 hrs

5. Alkylation, NaNH,,C,Hgl (13 2 69 83
mmoles/qg), NHy, -78°C, 6 hrs

6. Reductive alkylation, K(60 - 98 93

mmoles/g), NH3, 6 hrs, -78°C,
C4Hgl (80 mmoles/q), THF
Ambient T, 48 hrs

AThe precision realized in replicate experiments is about + 2%.
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Table 2. Microanalytical Data for the Lower Kittanning Coal (PSOC 1197) and
Its Reaction Products

Analytical Data (%, daf)

Samp}e ¢
Origin C H N Ash

original coal? 87.4 4.8 1.4 11.3
Reduction, reaction 12 84.9 5.2 1.5 10.3
Reduction, reaction 22 82.9 5.1 1.6 10.3
Reduction, reaction 3b 86.4 5.5 1.1 10.8
Alkylation, reaction 42 88.1 4.8 1.7 13.7
Alkylation, reaction 5° 88.9 4.8 1.8 10.3
Reductive alkylation, 82.5 8.0 1.6 5.7

reaction 62

3The analysis was performed by Dr. C. Chaven, Illinois Geological Survey.

bThe analysis was performed by Huffmann Laboratories, Wheatridge, Colorado.

“The analysis was performed in this laboratory.

Table 3. Aromaticity and Acid Group Concentration in the Lower Kittanning Coal
(PSOC 1197) and Its Reduction Products.

Acidity (meq/g, daf)

Sample

Total Carboxylic Acid f(A)a
Original coal 0.40 <0.01 0.82
Reduction, reaction 1 0.36 b
Reduction, reaction 2  0.54 b 0.76
Reduction, reaction 3 0.50 <0.01 0.69

3The fraction of aromatic carbon content, f(A) = [(C-C(Aliphatic)/C] where
C = Area of All Carbon Resonance Signals and C(Aliphatic) = Area of the Aliphatic
Carbon Resonance Signal, was determined using CP/MAS NMR spectroscopy.

bThe carboxylic acid content was not determined.
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CATALYTIC HYDRODENITROGENATION OF AN SRC-II COAL LIGUID. /
EFFECT OF HYDROGEN SULFIDE

Albert §. Hirschon, Robert B. Wilson, and KRichard M. Laine™

SRI International
333 Ravenswood Avenue
Menlo Park, CA 94025

The first step in coal liquefaction yields coal liquids which are high in
nitrogen, sulfur, and oxygen. These heteroatoms must be removed before these coal
liquids can be transformed into synfuels or petrochemical substitutes. However, the
catalytic removal of nitrogen (HDN) and oxygen (HDO) consumes excessive amounts of
hydrogen. This excess hydrogen is consumed in the hydrogenation of aromatics. If it
were possible to remove the nitrogen and oxygen from coal liquids with a minimum of
hydrogen and at lower temperatures than currently used, coal could become an
economicaily viable energy source.

Workers have shown that HDN catalysis of model systems undergoes significant rate
enhancewent in the presence of HyS (1-5), and some enhancement in the presence of Hy0
(6,7). Other workers (8,9) have shown that the acidity of the support is important in
the enhancement of HDN activity.

We have recently suggested, based on mechanistic studies of HDN of nitrogen
heterocycles that nucleophiles such as HyS, Hy0, and perhaps NHj can enhance catalysis
by prouoting heterocyclic ring opening via nucleophilic attack on the metal-complexed
heterocycle (10). We have also seen in our work that the addition of acids aids in
the hydrogenation of nitrogen containing heterocycles (1ll). Thus it may be possible
to increase the rate of hydrogemation of heterocycles while not effecting the rate of
hydrogenation of other aromatics.

The objective of this work 1s to develop an understanding of how nucleophiles
such as H,S, SH, and S, H,0, NHg, and added acids effect the HDN process of coal
liquids under catalysis conditions. From the results of our work we have found that
the addition of HyS5 or added acids to an SRC-II coal liquid enhances the removal of
nitrogen under standard HDN conditions.

Experimental Procedures and Materials

SRC-II middle distillate was obtained from the Pittsburg and Midway Mining Co.
SKC pilot plant at Fort Lewis, Washington. The cobalt-molybdenum catalyst, HT-400
(3 wt¥k Co0, 15.1 wt% Mo04, on Al,03) was obtained from Harshaw Chemical Company.
Hydrogen sulfide (H,S) was obtained from Matheson. Hydrogen (Hy), nitrogen (Njy), and
an H;5(10%)/Hy gas mixture were obtained from Liquid Carbonic.

Apparatus

Hydrogenation reactions were performed in a 300-mL Autoclave Engineers (AE)
Magnedrive stirred reactor, heated with a 1000-W electric furnace (AE). The tempera-
ture was controlled with a wodel CP temperature controller (AE). The autoclave was
connected through a sample gas vent to a Carle Series S gas chromatograph (GC) adapted

by Carle to analyze Cl'CS» Hy, 02, Np, and HS.

Analytical Procedures

Nuclear magnetic resonance (NMR) spectra were obtained on a JEOL FX 90Q spectro-
meter. NMR samples were prepared by mixing one part by weight of coal liquid with two
parts of CDCly, The conditions for obtaining the 13¢ miR spectra were as follows.
Samples were made 0.025 M in Cr(Achc)jy* The pulse width was ¢ 5 and pulse delay

'
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15 s. The NNE option (heterodecoupling with no Nuclear Overhauser enhancement) was
chosen for quantitative 13¢ analyses.

The infrared (IR) spectra were obtained on a Perkin-Elmer 281 spectrophoto-
meter. Elemental analyses were obtained from Galbraith Laboratories. (Nitrogen was
determined by the Kjeldahl method).

Catalyst Preparation

The HT-400 cobalt-molybdenum catalyst was ground and sleved to obtain a 60- to
200- mesh powder. The catalyst was activated at 400°C in a flowing mixture of H,S
(10%) in H, for 24 h, then stored in a Vacuum Atmospheres Dri-box under Np. (Before
the catalyst was sulfided, it was heated for 2 h at 400°C under flowing synthetic air,
pretreated with HyS/H) mixture for 1 h at room temperature, then slowly heated to
400°C over a 2-h period). Anal.: Mo, 7.8%; S, 7.75%.

Standard Reaction Procedures

The autoclave was filled under Ny with the desired quantity of activated catalyst
and SRC-II liquid. The reactor was then charged with 1200 psi of Hy (or Hy/HyS). For
those reactions using H,S only or vhen NH; was added, the following procedure was
used: A tared 20-mL minireactor was filled with HyS or NH3 to the desired weight. The
minireactor was then connected to the 300-mL autoclave and the system was purged with
Ny- The 300-mL reactor was cooled with dry ice, and the gas was condensed into the
autoclave.

The system was heated to 400°C and maintained at 400°C for 1 h, at which time the
heating furnace was removed. When the reactor had cooled to room temperature, GC
analyses were performed on the product gases. The liquid products were removed and
filtered to remove the catalyst. Duplicate runs were made at either end of the con—
centration range (analyzed nitrogen content deviates no more than 0.02% in the
duplicate runs).

Results and Discussion

Treatment of SRC-II with Hydrogen Sulfide (without catalyst)

The data from the reactions of HyS or HZS/H with the SRC-II liquid are shown in
Table 1. When the SRC-1I was treated with H,S alone, we observed some evolution of
gases (1.96 mmol gas/g coal liquid) due to Hy, ethane, and propane. The evolution of
gases affects the quality of the remaining coal liquids. As determined by NMR, the
fraction of aliphatic hydrogen and carbon decreased from 0.66 to 0.60 and 0.32 to
0.30, respectively, and the H/C ratio decreased from 1.20 to 1.15 from the original
SRC-II liquid. In contrast, the treatment of the coal liquid with the st/n2 mixture
resulted in essentially no change in hydrogen content from the original. The IR
spectra of these reaction products are similar to that of the original 1liquid and show
no absorptions in the region of 2550 to 2600 cm~! where we expected to see SH
stretches. Elemental analyses of the products from the st and HZS/HZ reactions
showed an increase in sulfur content from 0.30% to 0.54 and 0.43% respectively. These
results are in accord with what might be expected based on Stenberg's work at higher
temperatures (12) (450°C vs 400°C used here).

Treatment of SRC-II with Sulfided Catalyst

In experiments 3 through 9 we treated 50 g of the coal liquid using a 1% concen-
tration of sulfided catalyst. As seen from Table 1 the addition of nucleophiles such
as H,s, Hs~, s, Hy0, or NH3, or added acids such as trifluoroacetic acid (TFA), do
not have a dramatic effect of the hydrogen uptake (by H/C ratio) or on the aliphatic
to aromatic ratios (by NMR) nor were there significant difference in the IR spectra of

the products from the runs. However, as seen from the elemental analyses of these
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products, the nitrogen content of 0.74% (exp 3) in the baseline run with H, decreased
to 0.56% (exp 4) in the HyS/H; run, and decreased to 0.42% (exp 9) in the TFA/Hy Tun.
Figure 1 shows that as the H)S or TFA concentration increases, the nitrogen _
concentration of the resultant hydrotreated product decreases. The addition of S as
Na,5 (exp 7) or the addition of Hy0 (exp 5) to the standard reaction resulted in no
enhancement over that of exp 3. The addition of NHy seemed to inhibit the HDN
reaction (exp 6), whereas the combination of NH3 and HyS resulted in only a slight
inhibition of the HDN reaction (exp 8).

Table 1. Reactions with 1% Sulfided Catalyst at 400°C for 1 h
with 1200 psig of Hy (or HyS/Hj)

Experiment? additive (mole wt¥%)b AN %S B/C %Halip %Caliph
SKC-1T - 0.98  0.30 1.20 66 32
1¢,d Hy$ (0.27) 1.00  0.54 1.16 60 30
24 Hy5 (0.084) 0.92 0.43 1.21 67 33
3 - 0.74 0.04 1.28 71 38
4 HyS (0.084) 0.56 0.12 1.23 72 40
5 Hy0 (0.14) 0.75 - 1.27 72 38
6 NHy (0.084) 0.99 0.03 1.24 72 37
7 NayS (0.084) 0.72  0.18 1.20 73 38
8 WH,HS (0.084) 0.87 0.15 1.23 73 39
9 TFA (0.054) 0.42  0.15 1.22 70 37

8pyplicate runs.

Moles of additive per 50 g of coal 1liquid.
CNo hydrogen used.

No catalyst used.

Conclusions

The addition of free HyS under coal liquid upgrading conditions aids in the HDN
process. These results validate the HDN modeling studies of Bhinde et al. (1) and
those of Satterfield (2-5) and are in accord with our predictions (10). Further-
more, in contrast to the runs without catalyst, the addition of H,S with catalyst
leads to the product that has a reduced sulfur content. OQur results also show that
TFA alds in the HDN process. Although the HON enhancement resulting from the
addition of TFA is most likely due to its acidic properties, since it decomposes
during the HDN reaction it is difficult to determine at what step in the HDN process
the acceleration occurs. However our preliminary results are encouraging and with
further experimentation we may be able to make substantial improvement in the HDN
process which will result in considerable cost benefit.
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FIGURE 1
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INTERACTIVE EFFECTS IN NITROGEN COMPOUND INDUCED STORAGE
INSTABILITY IN SHALE DERIVED DIESEL FUEL

John V. Cooney,* Erna J. Beal and Bruce D. Beaver!

Combustion and Fuels Branch, Code 6180
Naval Research laboratory, Washington, D. C. 20375-5000

INTRODUCTION

The autoxidation of middle distillate fuels during periods of storage has been a
continuing problem in the utilization of these liquids by the government and
commercially. With diesel fuels, instability is commonly defined by the formation of
sediments, gums, color bodies and by the accumulation of hydroperoxides. Gravimetric
accelerated storage stability tests conducted with model compounds as dopants in
otherwise stable distillate fuels have demonstrated that oxidative condensation
reactions of polar heterocycles are often deleterious to stability (2-15). In
particular, nitrogen containing aromatics (pyrroles, pyridines, indoles, etc.) appear
to be very harmful. Correlation of model dopant studies with results obtained with
actual unstable fuels has indicated that the autoxidation processes are usually not
isolated reactions but are sensitive to the presence of other fuel constituents (11,
13). Certain oxygen and sulfur compounds have been found to markedly alter the
extent of model nitrogen compound induced storage instability in both middle
distillate and model fuels (3, 4, 6, 16-18). Little is known about the chemical
mechanisms of such interactive effects in fuel instability, and possible explanations
include acid/base catalysis of oxidation and condensation pathways as well as
involvement in radical chain processes. Irteractions between different types of
nitrogen compounds have also been studied to a limited extent (6, 10), and may
similarly be of great importance in actual complex fuels.

As part of an effort to learn more about potential interactive effects, we have
examined the autoxidation of two model ritrogen compounds, 2,5-dimethylpyrrole (DMP)
and 3-methylindole (3-MI), in a shale diesel fuel in the presence of a second model
dopant (t~butylhydroperoxide, an organic acid, or an organic base). The decision to
examine DMP and 3-MI as nitrogen compound dopants was based upon a body of earlier
work which analyzed the autoxidation behavior of these compounds (in the absence of
other externally added active species) in the identical shale base fuel and under
identical storage stability test conditions (10-12, 14, 15)

EXPERIMENTAL

Storage Test Techniques

The accelerated storage stability test method used has been described in detail
(10-12). Hydroperoxide values were determined in stressed fuel samples following
filtration through glass fiber filter paper by iodometric titration (ASTM D-1583-60).

Instrumental Methods

Infrared spectra were obtained as KBr pellets on a Perkin-Elmer Model 681
instrument with a Model 3600 data station (PECDS software). Solution proton nmr
spectra were obtained in ds-pyridine or deuterated chloroform with a Varian EM-390
90 MHz instrument. Elemental analyses were accomplished with a Carlo Erba Model
1106 elemental analyzer. Routine GC separations were made on either a Varian Model
3700 or a Perkin~Elmer Model 3920B gas chromatograph equipped with fused silica
capiliary colummns (0V-101, 50 m x 0.3 mm) and FID detection.
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Reagents J

The base fuel for the present study was diesel fuel refined from Paraho crude
shale oil by SOHIO. This fuel was produced in the U.S. Navy's Shale-I1 demonstration
and is well-characterized (10). A quantity of this fuel was available which
contained 24 mg/l of 2,4~dimethyl-6-t-butylphenol (A0-30) as the only additive
(designated at NRL as fuel sample "D-11"). The D~11 fuel contained 15 ppm N (w/v)
and exhibited good storage stability (10). All compounds used as dopants were pure
by nmr, capillary GC, and/or mp. Fresh DMP was stored frozen under a nitrogen
atmosphere to prevent autoxidation and it remained colorless under this storage. The
concentration matrices for the interactive experiments were prepared so that effects
of concentration (of both the DMP or 3-MI and the co-dopant) and of venting of test
flasks could be assessed. In instances where the co-dopant was appreciably goluble
in the D-11, two concentration levels were used (9.64 x 1073M and 3.21 x 10'2H),
which correspond to equivalent nitrogen compound (DMP or 3-MI) concentration levels
of 135 and 450 ppm N (w/v). The construction of a 2 x 2 test matrix with both
dopanta then involved duplicate test flasks at each possible pairing, with additional
flasks providing baseline "blank" values for D-11 doped with just the nitrogen
compound, just the co-dopant, and the undoped D-11 fuel. In cases where the
co-dopant exhibited only limited solubility in the D-11 fuel, a saturated solution
was employed.

RESULTS AND DISCUSSION

Autoxidation of DMP and 3-MI in the Presence of t-Butylhydroperoxide (TBHP)

Previous storage stability tests employing DMP and 3-MI as dopants in a stable
shale diesel fuel base indicated that while both compounds deteriorated the quality
of the fuel, the nature of their instability processes differed substantially (11,
14). The results obtained with DMP and 3-MI are compared below:

Table 1
Comparison of DMP and 3-MI Induced Storage Instability
Property. 3-MI DMP
Induction Period: yes not observed
Peroxide Level After Stress
(Relative to Fuels Blanks): slightly less (80°C) much less (80°C)
slightly more (43°C) much less (43°C)
Effect of Venting: large ninimal
Effect of A0-30: large minimal
Reaction Order in Dopant: ? 1.0
Formula of Dopant: CgHgN CgHgN
Empirical Formula of Sediment: C15.8H15,2N02. ¢ Cg. 3Hg, 7NO] ¢

Since the storage stability characteristics of these dopants had been examined
in detajl, it was considered of interest to compare both of these compounds in the
context of interactive experiments. The initial study involved the addition of a
model nitrogen compound to fuel D-11 together with a hydroperoxide as co-dopant. The
hydroperoxide selected was t-butylhydroperoxide since it is available commercially in
high purity. The goal of the experiments was to survey the importance of the
accumulation of hydroperoxides in a complex fuel in influencing the formation of
insolubles during stress when a particular class of nitrogen heterocycles is present.

Accelerated storage stability tests employing DMP and TBHP as co-dopants in
fuel D-11 were run at both 80°C (7 and 14 days) and 43°C (49 and 92 days). The
gravimetric results, summarized in Table 2, indicated that a definite positive
(synergistic) interaction existed between the DMP and TBHP under all conditions
examined. The concentration matrix which was studied used DMP at two levels: Lo DMP
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= 135 ppm N w/v, equivalent to 9.64 x 10~3 M; and Hi DMP = 450 ppm N (3.21 x 10-2M).
The levels of TBHP used corresponded to the same molar concentration values. Thus,
the relative concentration matrix which was used was therefore (expressed as moles of
TBHP added/moles of DMP added): Lo TBHP/Lo DMP = 1.0, Lo TBHP/Hi DMP = 0.3, Hi
TBHP/Lo DMP = 3.3, Hi TBHP/Hi DMP = 1.0. The results of hydroperoxide analyses also
appear in Table 2, and are given as peroxide numbers (ASTM D-1583-60).

Table 2
Storage Stability Test Results for the DMP/TBHP Interaction

Total Insolubles, mg/100 ml (Peroxide Number, meq ROOH/kg fuel)

Sample¥* 80°C/7d 80°C/14d 43°C/49d 43°c/92d
Fuel Blanks 0.5(0.9) 0.0(3.0) 0.0(0.3) 0.0(1.0)
Lo TBHP Blanks 0.4(39.5) 0.9(34.2) 0.0(58.9) 0.0(17.2)
Hi TBHP Blanks 0.5(80.8) 0.7(84.6) 0.0(100.5) 0.0(60.9)
Lo DMP Blanks 30.2(0.2) 47.4(0.4) 25.,4(0.0) 42.6(0.0)
Hi DMP Blanks 89.6(0.0) 171.4(0.2) 97.3(0.0) 153.7(0.0)
Lo TBHP/Lo DMP 37.9(18.8) 80.0(47.1) 33.2(70.6) 59.1(12.6)
Lo TBHP/Lo DMP/v 37.0(16.0) 81.3(70.4) 32.2(63.2) 60.5(10.2)
Lo TBHP/Hi DMP 101.3(7.5) 183.9(12.4) 113.8(22.4) 200.6(5.8)
Lo TBHP/Hi DMP/v  101.3(6.0) 193.9(7.3) 134.5(0.8) 215.2(4.2)
Hi TBHP/Lo DMP 62.7(63.3) 92.0(80.8) 79.4(33.4) 93.7(61.2)
Hi TBHP/Lo DMP/v 66.1(64.0) 95.7(93.8) 72.8(39.2) 95.5(116.5)

Hi TBHP/Hi DMP 160.4(25.0) 257.0(28.0)  233.2(57.3) 277.8(11.2)
Hi TBHP/Hi DMP/v  171.8(15.2) 267.5(20.7)  249.9(106.0)  325.3(47.8)

*The vented test flask trials are those denoted by "v".

In all instances, the presence of TBHP significantly increased the yield of
insolubles produced when DMP was also present. Furthermore, the presence of Hi TBHP
levels was always associated with more sediment than the corresponding Lo TBHP
trials. In examining the peroxide number data, it will be noted that the correlation
between the ultimate hydroperoxide levels and the yields of sediment are not good,
which is an expected result (10, 11). The peroxide number of unstressed, doped D-11
fuel containing Lo TBHP was 20.7, and 68.9 for Hi TBHP. When DMP was not present,
the TBHP dopant did not exert a significant destabilizing effect upon the fuel as
measured by sediment generation. The effects of venting of test flasks were seen to
be small and variable. Curiously, high levels of hydroperoxide were often observed
in some Hi DMP trials after stress when TBHP had been present. Earlier work from our
laboratory had indicated that DMP, in the absence of externally added hydroperoxide,
was associated with very low peroxide numbers after stress.

A similar experimental matrix was used in the study of the potential
interaction between 3-MI and TBHP. Interest in examining this interaction originated
with our earlier studies of 3-MI induced fuel instability (11, 14), which showed that
3-MI is able to promote the formation of sediment and gum, but only in the absence of
a hindered phenol antioxidant (A0-30). This result, coupled with the existence of a
long induction period in the autoxidation of 3-MI in our shale diesel fuels,
suggested that a classical free radical mechanism may be involved, which should, in
turn, be sensitive to the presence of hydroperoxide present in the fuels.

Storage stability test results for the 3-MI/TBHP interaction are given in Table
3. These results indicate that a synergistic effect is present. Comparison of the 7
and 14 day results at 80°C suggest that an induction period waa present. It will be
noted that in the absence of externally added TBHP, 3-MI does not effectively promote
sediment formation in the D-11 fuel, which contains A0O-30. There is little doubt
that the addition of TBHP rapidly overwhelmed the antioxidant, present at a level
which wss somewhat less than 24 mg/l, thereby allowing the autoxidation of 3-MI to
proceed. The highest amounts of total insolubles were formed in the 43°C tests.
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Venting of the test flasks generally led to a marked increase in the amount of
sediment which formed. In these respects, the TBHP induced oxidation of 3-MI in fuel
D-11 appears to be very similar to the simple autoxidation of this model nitrogen
compound in fuel D-1 (a fuel which is identical in all respects to fuel D-11 except
that it does not contain antioxidant) (11). Table 3 also shows peroxide analysis
data for one of the stress sets (43°C/91d), which clearly indicates that high levels
of hydroperoxide were present in all of the experimental flasks.

Table 3
Storage Stability Test Results for the 3-MI/TBHP Interaction

Total Insolubles, mg/100 ml (Peroxide Number, meq ROOH/kg fuel)

Sample¥ 80°c/1d 80°C/14d 43°C/49d 43°c/91d
Fuel Blanks 0.0 0.1 0.2 0.0(0.8)
Lo TBHP Blanks 0.0 0.4 0.0 0.0(16.2)
Hi TBHP Blanks 0.6 0.7 0.0 0.0(60.5)
Hi 3-MI Blanks 0.2 0.8 ——— ——

Lo TBHP/Lo 3-MI 0.7 1.1 0.3 0.0(50.2)
Lo TBHP/Lo 3-MI/v 0.4 3.9 0.5 0.0(76.6)
Lo TBHP/Hi 3-MI 1.5 11.7 2.2 53.6(46.3)
Lo TBHP/Hi 3-MI/v 2.3 12.5 70.7 129.0(36.6)
Hi TBHP/Lo 3-MI 0.7 3.8 2.5 3.7(112.5)
Hi TBHP/Lo 3-MI/v 0.6 4,1 1.5 9.3(159.9)
Hi TBHP/Hi 3-MI 1.7 8.7 33.0 0.7(64.2)
Hi TBHP/Hi 3-MI/v 1.9 17.2 81.2 149.5(56.3)

*The vented test flask trials are those denoted by "v".

Analyses of the sediments obtained with both DMP and 3-MI in the course of
these TBHP interactive experiments have indicated that. they are very similar, both in
elemental composition and spectroscopic character, to sediments obtained in the
absence of TBHP. For DMP, a typical sediment obtained in the presence of TBHP is )
10.7% N, 60.1% C and 5.5% H; for 3~MI, a typical analysis is 5.5% N, 71.3% C and 5.6%
H (these compare favorably with the empirical formulas in Table 1). Thus, it would
appear that the TBHP functions as a catalyst or radical initiator rather than as a
reactant in sediment formation.

Autoxidation of DMP and 3-MI in the Presence of Organic Acids and Bases

In an extension of our study of interactive effects in the autoxidation of DMP
and 3-MI, ten organic acids and bases were examined as co-dopants in fuel D~11. This
work was intended to determine whether the autoxidation of the nitrogen compounds is
subject to acid or base catalysis, or if condensation products could form in lieu of
true catalysis. Ten co-dopants were selected for study: acetic acid (HOAc), hexanoic
acid (HA), decanoic acid (DA), p-toluenesulfonic acid (p~TsOH), dodecylbenzene
sulfonic acid (DBSA), nicotinic acid (NA), 3-pyridinesulfonic acid (3-PSA),
tri-n-butylamine (TBA), N,N~dimethylaniline (DMA) and 4-dimethylaminopyridine
(4~-DMAP). Most of the co-dopants were examined at two concentration levels ("Hi" and
"Lo", as with TBHP); however, some of the compounds were only slightly soluble in
D-11, so that a saturated solution was used for these (p-TsOH, NA, 3-PSA).
Accelerated storage stability was assessed at 80°C (14d).

With DMP, the carboxylic acids (HOAc, HA and DA) all interacted in a
synergistic fashion to increase the amount of sediment generated. A typical set of
data is given in Table 4 for the DMP/DA experimental set. The results with the
sulfonic acids were more difficult to interpret. Thus, DBSA exhibited a very strong
positive interaction with DMP when present at levels of 0.3 or 1.0 equivalent. Yet
when all four test flasks (vented and unvented) of the Hi DBSA/Lo DMP interaction
vere examined (these contain 3.33 equiv. of DBSA relative to DMP) a strong negative
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interactive effect was seen. The interactive effects for p-TsOH were seen to be
small in magnitude and variable. A very potent base catalyst, 4-DMAP, was observed
to interact with DMP in a positive fashion whenever it was present. By contrast,
interaction with other base catalysts (TBA, DMA) or low-solubility zwitterionic
species (NA, present at ca. 0.3 ppm N w/v, and 3-PSA, present at less than Q.2 ppm N
w/v) did not lead to significant synergism under these test conditions.

Table 4
Storage Stability Test Results for the DMP/DA Interaction
Fuel D-11 - 80°C/14 days - mg/100 ml

Sample* Filtered Sediment Adherent Gum Total Insolubles
Fuel Blanks 0.1 0.0 0.1
Lo DA Blanks 0.1 0.1 0.2
Hi DA Blanks 0.1 0.1 0.2
Lo DMP Blanks 45.0 2.4 47.4
Hi DMP Blanks 165.2 6.2 171.4
Lo DA/Lo DMP 82.7 3.0 85.7
Lo DA/Lo DMP/v 84.2 2.6 86.8
Lo DA/Hi DMP 247.7 5.8 253.5
Lo DA/Hi DMP/v 238.8 5.3 244.1
Hi DA/Lo DMP 78.4 2.3 80.7
Hi DA/Lo DMP/v 96.2 2.6 98.8
Hi DA/Hi DMP 264.0 5.0 269.0
Hi DA/Hi DMP/v 279.2 5.3 284.5

*The vented test flask trials are denoted by "v

Elemental and spectroscopic analyses were applied to the samples of DMP induced
sediment from these interactive experiments. It was not possible to obtain an
elemental analysis from the sediment formed in the DMP/DBSA trials, as their
tarry/waxy nature precluded proper sampling technique. However, the incorporation of
molecules of DBSA into the sediment is implied by: (a) the fact that such a large
amount of sediment (up to 1300 mg/100 ml) was generated that the DMP alone is unable
to account for the mass, and (b) a number of complex absorption peaks appear in the
$=0/8-0 region of the infrared. Thus, the DBSA may serve as a reactant in addition
to or instead of serving as a catalyst. The incorporation of sulfur into DMP-derived
sediments has been observed by other workers when thiophenol was used as a co~dopant
(16-18); it has been considered possible that in situ oxidation of thiols to sulfonic
acids may be a viable pathway (4, 6). The DMP-derived sediments produced in all nine
other interactive experiments proved to be remarkably similar to the insoluble
material generated by DMP without co-dopant. Thus, it would appear that the
carboxylic acids and 4-DMAP are serving as true catalysts.

In a similar manner, the interaction of 3-MI with the ten acid/base co~dopants
was examined in D-11 fuel using 80°C-l4d storage stability tests. With the three
carboxylic acids (HOAc, HA and DA), synergism was noted, with the highest levels of
insoluble material present in Hi 3-MI flasks (ca. 6-60 mg/100 ml of sediment was
generated, as compared with 0.8 mg/100 ml in the flasks which contained only 3-MI).
Venting of test flasks seemed to be associated with higher levels of sediment. As
was the case for DMP, the interactive effects of 3~MI with the sulfonic acids were
difficult to interpret. With p-TsOH, the interactive effect was uniformly small and
indeterminant. With DBSA, it was possible to generate small quantities of sediment
under most conditions, but only one set of conditions (Hi DBSA/Hi 3-MI/unvented) led
to the formation of large amounts of solids (ca. 70 mg/100 ml). With 4-DMAP, base
catalysis of 3-MI autoxidation was not evident. In light of the superior catalytic
nature of 4-DMAP, this result was somewhat unexpected, especially in light of a
recent suggestion that base-catalyzed oxidation of 3-MI could be significant (19).
Nicotinic acid (NA) was found to be catalytic in its interaction with 3-MI, with a
maximum of ca. 30 mg/100 ml of sediment formed in the Hi 3-MI/vented trials (a
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saturated solution of NA was used, 0.3 ppm N w/v). Despite the apparent failure of
4~DMAP, dimethylaniline (DMA) exhibited synergism with 3-MI, but the effect was
largest when DMA was present at a "Lo" level. Tri-n-butylamine (TBA) actually
appeared to inhibit the autoxidation of 3-MI slightly. The final co-dopant,
3-pyridinesulfonic acid (3-PSA) showed a very slight positive interactive effect,
forming ca. 6 mg/100 ml of solids in the Hi 3-MI flasks.

Analysis of the sediments generated in the 3-MI interaction experiments was
limited by the small amounts of materials isolated on the glass fiber filter pads.
Elemental analyses could only be conducted on the sediments from the carboxylic acid
interactions; these all contained ca. 5.7% N, 72.5% C and 5.8% H, and so are almost
identical in elemental composition to 3~MI induced sediment which formed in the
absence of the co-dopants. Spectroscopic examination of the sediments confirm that
the heterogeneous material generated is also similar. Table 5 is a qualitative
summary of the results obtained with DMP and 3-MI where an organic acid or base was
present as a co-dopant.

Table 5
Summary of Relative Interactive Effects with Organic Acids and Bases

Interactive Effect¥

Co~Dopant¥* DMP_as Dopant 3-MI as Dopant
HOAc ++ +4+v
HA ++ ++v
DA ++ ++
p-TsOH i i
DBSA ++ ++v
NA i ++v
3-PSA i +
TBA +v -
DMA i +
4-DMAP + i

*Key to symbols: ++ = strong synergism, + = weak synergism
- = weak inhibition, 1 « indeterminate effect
v = gensitive to venting of test flasks
*¥Refer to the text for the identity of the abbreviations.

CONCLUSTONS

Hydroperoxide dissolved in a shale derived diesel fuel can interact in a strong
synergistic fashion with polar nitrogen heterocyles to lead to the formation of
significant amounts of sediment and gum. Carboxylic and sulfonic acids similarly
agsist in the degradation of fuel quality by interacting with alkylpyrroles and
indoles. Interactions with organic bases appear to be of a smaller magnitude.
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THE EFFECT OF ACTIVATION AND PROMOTION ON A FISCHER-TROPSCH CATALYST

H.W. Pennline, J.M. Stencel, M.F. Zarochak, S.S. Pollack, and R.R. Anderson

U.S. Department of Energy
Pittsburgh Energy Technology Center
P.0O. Box 10940
Pittsburgh, Pennsylvania 15236

INTRODUCTION

Since the late 1970's, an interest in the production of gasoline and
other transportation fuels from synthesis gas has been renewed. A concep-
tual scheme for the production of gasoline from low-ratio synthesis gas is
the two-stage method developed by Mobil [1]. In this process, mixtures of
hydrogen and carbon monoxide are reacted in a slurry bubble column con-
taining a conventional Fischer-Tropsch catalyst in the first stage. The
product from this step is then sent to the second-stage reactor that con-
tains the shape-selective zeolitic catalyst ZSM-5. One of the goals of the
indirect liquefaction research program at the Pittsburgh Energy Technology
Center is to investigate catalyst systems in the slurry phase that are
potential candidates for the first-stage process. These catalyst systems
should process low ratios (0.5/1 to 1/1 of H2/C0) of synthesis gas to
produce a high yield of light olefins and gasoline-range hydrocarbons.

Certain results in the literature indicate that synthesis gas conver-
sions with iron-manganese oxide catalysts yield a suppressed C,-fraction and
a large C2-C4 light-hydrocarbon fraction that deviates from that predicted
by Schulz-Flory kineties [2,3]. A recent three-phase study with iron-
manganese catalysts of various compositions found that hydrogenation of
olefins occurred along with olefin isomerization reactions [4]. The C,-C,
content of the hydrocarbon distribution followed Schulz-Flory kineties and
did not exceed the 56 weight percent maximum predicted by Schulz-Flory.
Since these results with iron-manganese catalyst were not as good as those
reported in the patent literature, two areas of interest -- catalyst
activation and promotion -- were investigated with the intent of improving
olefin selectivity and catalyst activity and stability.

In this study, the activation and promotion of a 21Fe/79Mn catalyst
were investigated in a slurry reactor. The effects of the process para-
meters of temperature, pressure, and reducing gas composition on the
activation step and on the subsequent catalyst activity and product
selectivity were studied. Also, the alkali promotion of the iron-manganese
catalyst with potassium carbonate was investigated. Slurry samples were
taken at various times on stream, and the catalyst was analyzed by surface
techniques so that the catalyst properties could be correlated with process
results.

EXPERIMENTAL
The catalyst was prepared in a continuous, stirred precipitation

reactor similar to a unit used by Kdlbel and Ralek [5]. Nitrates of iron
and manganese were reacted with ammonium hydroxide. Batches of the washed
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and vacuum-dried coprecipitate were crushed, sieved through a 100-mesh
screen, and homogenized by rolling. A portion of the total batch was
further crushed and sieved through 325 mesh (44 pm). Catalyst for all the
tests in this study was obtained from this portion. The fresh catalyst was
about 14 weight percent iron and 52 weight percent manganese.

The slurry studies were conducted in a one-liter stainless steel
stirred reactor as described elsewhere [6]. Typically, fifty-one grams of
iron-manganese catalyst that were sieved through 325 mesh (44 pm) were
placed in the reactor with the molten medium wax to make a 13.5 weight
percent suspension based on unreduced catalyst weight. The high-boiling
paraffinic wax (P-22 from Fisher Scientific Company) had an average carbon
number of 28. The reactor system was sealed, cooled, leak-tested, and
purged with helium. At the desired activation pressure, the temperature was
increased to the desired activation temperature under a flow of helium.
Isothermal conditions ‘within the reactor were established by means of a
sliding thermocouple in a thermowell in the reactor. The impeller was
stopped and gas flow was decreased to a small amount, at which time the
unexpanded slurry level was lowered to 0.5 liter by using the reactor
pressure to force the excess wax through a dipleg and filter and into a
heated wax trap. The impeller was then restarted, and once isothermal and
isobaric conditions were reestablished, the inert flow was stopped and the
activation gas was introduced. Unless specified, activation usually lasted
for twenty-four hours. At the end of this activation, the liquid level was
again readjusted, and the system pressure and temperature were adjusted to
200 psig and 2759C, respectively. Synthesis feed gas was introduced in
increments over the next hour until a weight hourly space velocity (WHSV) of
1.21 hr=! was reached. (WHSV is defined as grams of gas per hour per gram
of charged catalyst.) Trap drainings, flows, and gas analyses were measured
on a twenty-four hour basis for material balance determinations. Unless
otherwise stated, tests in this study used a 1H2:1C0O feed gas.

The gaseous and 1liquid products were characterized by various
analytical techniques. Gas exiting the reactor system was analyzed for
hydrogen, carbon monoxide, carbon dioxide, nitrogen, and hydrocarbons up to
Cgs by gas chromatography. The liquid condensate in the trapping system was
collected and physically separated into an aqueous fraction and an oil
fraction. The aqueous phase was analyzed by mass spectrometry to detect
oxygenates, and the water content was determined by the Karl Fischer reagent
technique. The liquid hydrocarbon samples were characterized by fluorescent
indicator adsorption (FIA) ASTM D-1319 to determine the functionality of the
liquid oil, and by bromine number ASTM D-1159 to check the olefin content.
Infrared studies were also performed on the oil fractions. Relative amounts
of terminal, trans-internal, and beta-branched-terminal olefins were deter-
mined by infrared spectral analysis. The wax fraction, which was dependent
on the trapping system, and selected liquid o0il samples for a particular
period of time were also analyzed by gas chromatography with a capillary
column.

Slurry samples were withdrawn from the reactor at various times on
stream. The wax-encapsulated iron-manganese catalysts were characterized by
X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). A mild
washing of the slurry-catalyst samples by sonication in toluene was
performed before the XPS analysis. These washed samples still contained
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slurry wax, but it was at a level that permitted XPS data acquisition while
simultaneously preventing oxidation of the catalyst surface. The samples
were then either spread onto holders or pressed into thin wafers for sub-
sequent XPS data acquisition. Preliminary XPS data were also obtained from
activation of an iron-manganese catalyst treated in situ with hydrogen in
the ¥PS. These data were acquired from wafered samples after gaseous treat-
ment at pressures near 1.5 atm and temperatures between 275°C and U450°C,
Preliminary results of various activations with iron-manganese catalyst in a
thermogravimetric analyzer (TGA) were also obtained.

RESULTS AND DISCUSSION

In a previous study with various iron-manganese catalysts (4], a
standard activation with carbon monoxide was used. With the 21Fe/79Mn
catalyst used in this study, the catalyst was activated with carbon monoxide
as the base-line case at 2.25 WHSV, 275°C, and 200 psig for 24 hours. All
activations were conducted in situ. Activation parameters investigated were
temperature (275°C versus 300°C), pressure (0 psig versus 200 psig), and gas
composition (CO, CO followed by H, -- K&lbel-type [3], synthesis gas, and
hydrogen). Slurry reactor results for selected periods during a test are
shown in Table 1. - Synthesis process conditions for all the tests were 1.21
WHSV of 1H2/1C0 feed gas, 275°C, and 200 psig unless otherwise indicated.
In the tests where carbon monoxide was used to reduce the catalyst, the
carbon dioxide was monitored in the exit gas by an infrared detector. 1In
all cases, after the beginning of the carbon monoxide reduction, the carbon
dioxide concentration reached a maximum during the first two hours and
thereafter asymptotically approached a zero concentration.

As in past work with iron-manganese catalysts, the functionality of the
product in the base-line test SL-54 changed with time on stream. As seen in
Table 1, the light olefin content decreased with synthesis time due to
olefin hydrogenation. This is paralleled by FIA results on the liquid oil,
which reveal that with time on stream, the oil becomes more paraffinic and
less olefinic. Also with catalyst aging, the olefinic products exhibit more
double-bond isomerization. If the 2-butene/1-butene ratio is used as an
index for olefin isomerization, this ratio -~ thus, isomerization --
increased in the C. fraction with time. Similarly, by infrared analysis of
the liquid oils, the ratio of internal to terminal olefins also increased
with time.

The catalyst in test SL-57 was activated identically to the base-line
test except at 300°C. This higher temperature of activation increased the
initial activity of the catalyst but also increased the deactivation rate of
the catalyst. A lower pressure (0 psig) of activation was used in test
SL-60, and this increased the initial activity over the base-line test. A
Kolbel-type of activation in test SL-58 (CO treatment for 24 hours at 275°C
and 200 psig, followed by H. treatment at 2759C and 200 psig) had activity
results similar to those of the base-line test SL-54.

The trends in the product selectivity were the same for all the tests
(see Table 1). With time on stream, the hydrocarbon selectivity shifted to
a lighter fraction; the olefin content decreased; and a larger percentage of
olefin isomers occurred. A minor exception is noted in the KdJlbel-type
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activation test, where the internal-to-terminal olefin ratios in both the
gas and oil phases went through a minimum during the first part of the test.

The major differences in the activation studies occurred when the
catalyst was activated at 275°C and 200 psig with hydrogen or synthesis gas
(1H2/1C0) as compared to carbon monoxide. No catalyst activity occurred
with hydrogen activation, and only slight conversion (<2%) occurred with a
synthesis gas activation. Investigating a higher iron-to-manganese ratio
catalyst, Maiti et al. (7] claimed that a MnFe,0, spinel and MnO were the
major phases at hydrogen reduction temperatures below 300°C. The XPS
information in the latter section will clarify this point.

The addition of a structural promoter to the 21Fe/79Mn catalyst was
attempted to stabilize the activity and maintain a high light-gas olefin
content. Schulz and Gokcebay (8] claimed that potassium addition to their
iron-manganese catalysts reduced secondary olefin hydrogenation and isomeri-
zation reactions. Based on this, several batches of 21Fe/79Mn catalyst were
impregnated with various amounts of potassium. Three different potassium
levels were investigated: 0.1, 0.4, and 1.3 weight percent. Results are
listed in Table 1. An activation with carbon monoxide at 2.25 WHSV, 275°C,
and 0 psig for 24 hours was done in situ for each test.

As compared to test SL-60 that had an unpromoted catalyst, the activity
of the 0.1% potassium catalyst was about the same except after 119 hours on
stream, where the potassium-promoted catalyst had deactivated significantly.
The 0.4 and 1.3 weight percent potassium-promoted catalysts had very high
initial activities (50 mole percent (H, + CO)-conversion] but decreased
after 200 hours on stream to values comparable to the unpromoted catalyst.

The hydrocarbon distribution for the unpromoted iron-manganese shifts
to a lighter fraction with time and to a lower olefin content with a larger
fraction of olefin isomers. The lowest loading of 0.1 weight percent
potassium did not seem to change these trends. However, for the catalyst
with the 0.4 weight percent potassium loading, the product distribution
shifts to a higher carbon number with time. The percent olefinic product
actually increases with time, and the internal/terminal olefin ratio
decreases -- indicating less olefin isomerization. At the highest potassium
loading in test SL-62, the hydrocarbon distribution is relatively constant
and is shifted to higher molecular weights. The olefin content is high (85
weight percent), and the internal/terminal olefin ratio is about an order of
magnitude less than with the unpromoted iron-manganese catalyst. With this
iron-manganese catalyst, a high loading of potassium is evidently needed to
prevent olefin hydrogenation and isomerization reactions. However, the
product distribution is shifted so that only about 30 weight percent of the
hydrocarbon product is C2-C, rather than the 40 weight percent obtained with
the unpromoted catalyst.

The XPS analysis of the wax-encapsulated iron-manganese catalysts
determined the surface atomic ratios Fe/Mn and C/Mn (see Table 2). These
results can be correlated with the activity of a catalyst during three-phase
testing. For example, the (H,+C0) conversion in SL-61 was negligible
throughout the slurry run. Such inactivity is mirrored in the C/Mn ratios
that are constant throughout the test and are lower than C/Mn for other
slurry tests. In relation to test SL-61, XRD and in situ XPS results with
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an unpromoted iron-manganese catalyst under hydrogen with temperatures rang-
ing from 275°C to 450°C revealed that metallic iron was not produced.
Instead, a solid solution of Fe0-MnO and/or a Fe-Mn spinel is formed.
Hence, the constant and low C/Mn ratio in SL-61 suggests that iron is not
available for iron carbide formation during synthesis gas exposure, and
thus, no conversion/activity is observed during the test.

The variations in the atomic ratios for slurry tests SL-54 through
SL-60 are related to differences in the activation gas sequence and the
activation parameters for the unpromoted iron-manganese catalyst. In
general, the trend in these tests is for the Fe/Mn values to decrease with
time on stream. Correspondingly, the C/Mn values increase with time on
stream and can be related to carbon deposition as a function of time on
stream and/or as a difference in the amount of slurry wax retained by the
catalysts after toluene sonication. 1In all cases, the catalyst deactivated
to some extent over the first 200 hours on stream. More specifically, an
increased carbon content was found on the catalyst activated under carbon
monoxide at 300°C (SL-57) compared to the catalyst activated under carbon
monoxide at 275°C (SL-54) with synthesis time. This increased C/Mn ratio,
as independently confirmed by TGA results, 1is probably related to an
enhanced amount of iron carbide and/or carbon formation during the
activation and usage stages of SL-57. Such enhancement paralleled the
faster deactivation rate for SL-57. The corresponding C/Mn ratios for SL-58
show that Hz reduction after CO exposure (Kolbel-type activation) decreases
the carbon content on the catalyst to levels below SL-57. Such a decrease
may be related to greater formation of metallic Fe after the hydrogen
reduction, as indicated by the high Fe/Mn ratio after 48 hours on stream.

Table 2 also reports XPS results from the potassium-promoted tests
SL-62 through SL-64. In general, for these tests, the Fe/Mn ratio increases
with time on stream, unlike results with the unpromoted catalysts. Also,

the C/Mn ratio increases with time on stream. In all cases with the
promoted catalyst, the potassium appears to enhance the surface iron concen-
tration during a test. The potassium also appears to increase surface

carbon deposition during a test. The catalyst in test SL-64 deactivated
significantly during the experiment, and this could be related to the
rapidly increasing C/Mn ratio during the test.

SUMMARY

The effects of various activations of an iron-manganese catalyst on
synthesis gas conversion were investigated in a slurry reactor. Although
the activation temperature and pressure did affect catalyst activity, olefin
hydrogenation and isomerization reactions still appear to be significant in
all cases. The activating gas composition had the most dramatic effect,
with the catalyst exhibiting no activity after a hydrogen activation.
Potassium promotion of the iron-manganese catalyst succeeded in increasing
the activity and increasing the percentage of olefins in the light gas
fraction. However, the hydrocarbon distribution was shifted to a higher
average molecular weight. The XPS results of catalyst slurry samples at
various process times were correlated with the catalytic process results to
explain the particular catalyst performance.
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HYDROGEN AND CARBON MONOXIDE ON A
COPPER-ZINC OXIDE SUPPORTED CATALYST

Rajesh M. Agny and Christos G. Takoudis

School of Chemical Engineering
Purdue University
W. Lafayette, IN 47907

INTRODUCTION

Most kinetic studies of methanol synthesis over Cu/ZnO catalysts have been carried out using mix-
tures of carbon monoxide and hydrogen. But in some cases (1) the synthesis gas has also contained car-
bon dioxide (2). Power rate laws as well as complicated rate expressions have been proposed over the
years. The detailed kinetics of the surface processes is virtually unknown. With the exception, perhaps,
of the near-atmospheric work by Saida and Ozaki (3), investigations of the kinetics of methanol synthesis
over Cu/ZnO catalysts have been done at pressures on the order of 75 atm (1,4-8). A major drawback of
several such kinetic studies is the use of integral reactors.

In this study, we investigate the kinetics of methanol synthesis over a commercial Cu/ZnO/Al,0,
eatalyst in a differential reactor at pressures in the range from 3 to 15 atm and temperatures between 250
and 290° C (9).

EXPERIMENTAL METHOD

A high pressure unit is used for the kinetic experiments (9). The reactor system consists of a U-tube
made of stainless steel 304, 0.95 cm OD and 0.09 cm thick. The U-tube is suspended vertically in a
Techne fluidized sand bath SBS-4. In the direction of flow, the U-tube contains a length of glass wool, a
preheating section of Potters silica glass spheres P-047, a second length of glass wool to isolate the
catalyst bed from the glass spheres and a final glass wool plug above the catalyst bed to prevent carry-
over of the catalyst (9). Omega iron-constantan thermocouple probes TT-J-30 are used for temperature
measurements. Our data reveal that the fixed bed we use is isothermal (9). The reactor system is pres-
surized by a Grove back pressure regulator 91W. The reactor effluent is led to a Carle sampling valve
7707. During analysis, the effluent sample is carried by the carrier gas (hydrogen) to a Varian Aerograph
Gas Chromatograph 202-B. A Chromosorb 102 column permits separation of CO, CO,, and methanol.
The gas chromatograph is coupled with a Houston Instrument chart recorder A521X-14K to enable qual-
itative and quantitative analysis of the effluent. Based on gas chromatographic analysis of CO bubbled
through methanol at different temperatures, it is concluded that the weight percent of the components in
the reactor effluent can be estimated by using Dietz’s thermal conductivity weight factors (10).

A 5 g Cu/ZnOfA1,04 catalyst sample (C79-2-01 of United Catalysts, Inc., Kentucky.) of average size
equal to 0.077 cm is reduced with hydrogen at 1 atm and 290° C for 15 hours (9). No further pretreat-
ment is done during the rest of the experimental span. A reaction interval of one hour is found to be
sufficient to produce reproducible steady-state product distributions. Steady state reaction data are col-
lected at temperatures between 250 and 290 ° C, pressures in the range of 3 to 15 atm, H,/CO = 2.1 - 2.4
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and total flow rates between 70 and 120 cc/min (STP). The catalyst composition measured with a
Dispersive Analyzer is on an oxygen free basis: 40.6 wt.% Cu, 50.3 wt.% Zn and 9.1 wt % Al. The
specific surface area of this catalyst, determined by BET with N,, is 37.8 m?/G.

RESULTS

The Cu/Zn0/Al,O; catalyst is tested at three temperatures, 250, 270 and 290 ° C. Typical measured
steady state conversions are summarized in Table 1 along with the conditions used. No deactivation of
the catalyst is observed at the experimental conditions studied, based on periodic tests conducted at
“standard conditions” which were chosen to be 11.2 atm, 250° C and H,/CO ratio equal to 2.3. Asa
consequence of a rigorous design of our differential reactor, beat and mass transfer effects are negligible

).

Methanol is the main product at the conditions studied. Carbon dioxide and water (in trace amounts)
are formed as side products. No other by-products are observed at the conditions used. It is observed
that tbe reaction rate increases as the temperature increases in the temperature range 250 to 290° C.
Also, the reaction rate increases as the total pressure increases at constant temperature and Hp/CO ratio
(Table 1). Note that at 250 and 270 ° C the metbano! synthesis reaction in our system is far from equili-
brium whereas at 290 ° C the reverse reaction becomes important.

Starting with power rate laws, several rate expressions were tried to fit our data. Emphasis was laid,
on rate expressions containing a small number of parameters. The reaction rate was found to be approxi-
mately proportional to the total pressure. This enabled us to eliminate several rate expressions if the
observed dependence of rate on total pressure was not followed (9).

Since evidence for the formyl (CHO-) and the methoxy (CH3O-) species has been reported for
Cu/ZnO catalysts during methanol synthesis (1,2,11), two parameter and three parameter kinetic models
which can be derived from Langmuir-Hinshelwood type rate expressions were tried. These contained rate
determining steps involving a bimolecular surface reaction between an absorbed hydrogen atom and
either a methoxy or a formyl adsorbed species. The form of such rate expressions examined is

P
r=k{PooPE,2— I“{"’O"]-Péo-f',?l 1
eq

It is found that the best possible fit is obtained with the rate expression (9)

r= k{PooPﬁ,l - P—;ﬂ](POOP&f)“ 2
eq

where k = k, exp (-P—;L,i::) and n = —1.30 +0.03. The Arrhenius plot of the temperature dependence of k
is presented in Figure 1. With a single pre-exponential factor and a single overall activation energy
obtained from linear regression of the rate constant data, large deviations (30-40%5) are observed between
predicted and measured reaction rates. Therefore, it is proposed that there is a decrease in the overall
activation energy with temperature (Fig. 1). The overall activation energies and the corresponding pre-
exponential factors computed at each temperature from Figure 1, are presented in Table 2. The error
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accompanying the estimation of the activation emergy is about * 1000 cal/gmol based on the error
involved in calculating the activation energy from the Arrhenius plot and the 15% maximum relative
error in observed reaction rates. Equation 2 fits all our data with a maximum relative error of less than
15% (Fig. 2).

DISCUSSION

From the structure of rate Equation 2 we note that (i) the kinetics of the reverse reaction is
accounted for; (ii) this rate expression contains only two parameters, the rate constant and an empirical
constant, n (1,3,6,9); (iii) the reaction rate depends on a positive power of partial pressure of hydrogen
and on a negative power of the partial pressure of carbon monoxide (1,9); and (iv) the measured overall
activation energy decreases with increasing temperature (Table 2).

The term PooPﬁ': (Eq. 2) represents a formyl species, CHO-, formed by a reactive collision between
CO and an adsorbed hydrogen atom. Mechanisms proposed by Herman et al., (4) and Kung (11) involve
the formyl species as one of the surface intermediates. Assuming the formyl species to be the most abun-
dant surface intermediate and the last reaction step of both mechanisms to be rate determining, a rate
expression similar to Equation 2 can be derived (9,12).

In the mechanism reported in (4), the intermediates are proposed to be bonded to the surface cation
via the carbon atom. Such a proposal is feasible for noble-metal catalysts because relatively strong metal
carbon bonds can be formed, and there is ample evidence that CO adsorbs molecularly on these metals
with the carbon end pointing towards the metal (11). However, it is proposed that the large dipole
moments and the relatively uneven electron density distribution on oxide surfaces favor bonding of the
surface to the oxygen atom of the intermediate (11). Thus a methoxy type derivative should be more
likely.

In the mechapism proposed in (11), the formation of the methoxy intermediate from the formyl
species involves rupture of two bonds and formation of three bonds. An elementary step is expected not
to involve multiple bond ruptures and formations. This proposed elementary step of such a mechanism
must therefore be looked upon cautiously in the absence of independent evidence that supports such a
step.

The indication of the formyl species from the kinetics observed and the examination of the shortcom-
ings of the mechanisms proposed in (4,11) allow us to suggest the mechanism (9)

H
\ H o ow H
H 3 |
] 0 8 °] | [c]
] \ yo
0= ( =———= ¢ =~ ] = -~ 0 = = CH.OH + 8
3
il | |
* * v

for the supported Cu/ZnO catalyst we used. Here the symhols %, ® and v represent a metal cation, a
zinc or an oxygen site, and an oxygen vacancy respectively. “I” represents a likely intermediate between
the formyl and methoxy species (9). Its possible structure needs to be investigated.

Rate equation 2 can be derived from this mechanism by assuming that the formy! species is the most
abundant surface intermediate and that the surface reaction between the methoxy epecies and an
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adsorbed hydrogen atom is the rate determining step (Agny, 1984). The main difference between this
mechanism and the mechanism reported in (11) is the addition of an intermediate I between the formyl
and methoxy intermediates.

Recently, coadsorption of CO and H; on ZnO and Cu/ZnO catalysts has been investigated at 270 K
and subatmospheric pressures by Saussey et al., (13). The infrared spectrum of a mixture of CO and H,
adsorbed on ZnO or Cu/ZnO reveals a pair of weak bands which have been assigned to vibrations of a
surface formyl species. This is to our knowledge, the first report presenting direct evidence for a formyl
species resulting from CO and H; interaction on Cu/ZnO catalysts. Deluzarche et al. (14) claim to have
identified, by reactive scavenging, the formyl species on nickel. Kung (11) presents certain organometal-
lic chemistry analogs to substantiate the formyl and methoxy species as intermediates in the mechanism
he has proposed for methanol synthesis on ZnO and Cu/ZnO catalysts. These findings support our
suggestion that adsorbed formyl species can be the most abundant surface intermediate (9), although
further studies are necessary for such a proposal.

Formaldehyde has never been observed as an intermediate in methanol synthesis over ZnO or
Cu/ZnO catalysts. A plausible explanation, perhaps, is that formaldehyde being a highly reactive inter-
mediate undergoes rapid conversion in some species like the methoxy. Saida and Ozaki (3), who have
studied the kinetics of methanol synthesis over a Cu/ZnO/Cr,0; catalyst at near atmospheric pressures,
conclude that quantitative interpretation of their data is possible only by assuming a reaction sequence
involving formaldehyde. In a very recent work, Tawarah and Hansen (15) have investigated the kinetics
of methanol decomposition over ZnO in the temperature range 563 to 613 K. Based on their observa-
tions, they confirmed the presence of formaldehyde in the reactor effluent with a mass spectrometer and
with chemical methods. Invoking the principle of microscopic reversibility, it may be concluded that
some of those intermediates (15) participate in the methanol synthesis reaction.

Ample evidence exists for the methoxy species on ZnO and ZnO/Cr,0O4 catalyst (16-19). Since the
active forms appear to be the metal cations for both ZnO and Cu/ZnO catalysts, it seems reasonble to
assume the formation of methoxy species on the Cu/ZnO catalysts. Recently, the methoxy species has
also been observed on a Cu/ZnO catalyst during methanol synthesis (20). For Cu/ZnO catalysts it is
proposed that the intermediates, in the course of their progress towards the product methanol, orient
themselves to form the more favorable oxygen-surface bond (11). These arguments lend support to the
inclusion of a methoxy intermediate in the mechanism proposed for methanol synthesis over a
Cu/Zn0/AlOq catalyst.

There can be considered to be three possible ways of CO, formation (i) the Boudouard reaction, (ii)
the water gas shift reaction, and (iii) oxidation-reduction of the catalyst. In our reaction system, the car-
bon and oxygen balances based on CO in the feed and CO, CO, and CH3OH in the reactor effluent are
always closed. This enables us to suggest that the Boudouard reaction can be eliminated as a source of
CO, (9).

Van Herwijnen and Dejong (21) have investigated the kinetics and mechanism of the water gas shift
reaction on a Cu/ZnO catalyst in the range of 172 to 230° C and pressures ranging from 1 to 6 atm.
With a feed mixture containing CO, N; and small amounts of H,O, they find their Cu/ZnO catalyst to
be active in the forward direction of this reaction. This finding allows us to suggest that at our experi-
mental conditions (250—290 ° C, 3—-15 atm), such a reaction is likely.



Herman et al., (4) have tested a Cu/ZnO/Al,O; catalyst for a Hp/CO (76/24) mixture without CO,.
Although this catalyst is found to be selective to methanol, it is rapidly and irreversibly deactivated.
Their examination of the catalyst by optical spectroscopy reveals only the pink color that is characteris-
tic of copper. They attribute this to oxidation-reduction of the catalyst.

In view of these arguments and lack of any spectroscopical analysis of our catalyst, both the water
gas shift reaction and oxidation-reduction of the catalyst are probably responsible for the formation of
CO, at the conditions of our experiments.

SUMMARY

The kinetics of methanol synthesis from carbon monoxide and hydrogen over a commercial
Cu/ZnO/Al,0O4 catalyst has been investigated at temperatures between 250 and 290° C and pressures
between 3 and 15 atm. The highest catalytic activity is observed at 290°C. A two parameter kinetic
model that quantitatively describes the observed patterns is presented. It is also proposed that the for-
my! species, CHO-, appears to be the most abundant surface intermediate, and the rate determining step
seems to be the surface reaction between the methoxy intermediate and an adsorbed hydrogen atom.
Based on this study and current knowledge of supported Cu/ZnO catalysts, a mechanism for the
methanol synthesis is proposed. The main feature of this mechanism is the shift from a carbon-surface
bond to an oxygen-surface bond during the course of reaction.

NOMENCLATURE

E = Activation energy, cal/gmol

k = Rate constant, gmol/g-cat fsec/atm

k, = Pre-exponential factor, gmol/gecat/sec/atm

K, = Equilibrium constant of the methanol synthesis reaction
n = Empirical constant

r = Reaction rate, gmol/g*cat/sec

R = Universal gas constant, cal/gmol/K

T = Temperature of reaction, K
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TABLE 1.

Steady State Data of Methanol Synthesis of Cu/ZnO/A1203 Catalyst
C79-2-01 of United Catalysts, Inc.

e e e

Run ¢ Reactor Reactor H2 Flow Rate Conversion Reactor Effluent
Temperature Pressure ) at STP of CO to Composition (%)
{°c) {atm) F (ce/min) Methanol

(z) €0 W, CHOH €O, HO
1 250 14.3 2.4 102 0.27 29.4 70.5 0.08 a a
2 250 12.6 2.4 100 0.24 28.9 70.9 0.07 a a
3 250 1n.2 2.2 n 0.22 31.1 68.8 0.07 a a
4 250 9.4 2.2 79 0.19 31.6 68.3 0.06 a a
5 250 1.7 2.1 83 0.1s 32.5 67.4 0.05 a a
6 250 6.2 2.2 79 0.13 31.6 68.3 0.04 a a
7 270 14.2 2.3 104 .9 29.4 70.0 0.26 0.27 a
8 270 1.0 2.2 1z 0.61 30.9 68.8 0.18 0.09 a
9 270 9.5 2.3 101 6.54 29.5 70.2 0.16 0.07 a
10 210 7.8 2.2 100 0.42 30.9 68.9 0.13 0.07 a
n 270 6.2 2.2 103 0.32 3.9 68.9 o.n 0.06 a
12 270 3.4 2.1 106 0.16 32.0 67.9 0.05 a a
13 290 14.3 2.4 101 1.35 29.0 70.0 0.40 0.5} a
14 290 1.2 2.3 e 0.96 29.8 69.6 0.30 0.26 a
15 290 9.5 2.2 100 0.81 30.6 68.8 0.27 0.27 a
16 290 1.7 2.1 103 0.63 3.4 8.1 0.20 0.24 a
17 290 6.2 2.2 97 0.48 30.7 69.0 0.15 0.14 a
18 290 3.5 2.2 99 0.22 31.3 68.6 0.07 3 a .
2 Trace amounts.

TABLE 2.

Pre-exponential Factors and Overall Activation Energies for Methanol
Synthesis over Cu/ZnO/A1203 Catalyst C79-2-01 of United Catalysts, Inc.

Tempera ture Pre-exponential Overall
(°c) Factor Activation Eneray
{quol/g-cat/sec/atm) {cal/gmol} .
250 13,600 34,000 + 1,000
210 1,890 29,500 + 1,000
|
290 48 25,000 + 1,000
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Figure 1. Arrhenious Plot for the Methanol Synthesis Reaction in our
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STEAM PYROLYSIS OF SHALE AND PETROLEUM
GAS OIL MIXTURES
by
Harry P. Leftin and David S. Newsome

The M. W. Kellogg Company
Research & Development Center
16200 Park Row
Houston, Texas 77084

ABSTRACT

Light gas oil and heavy gas oil from Paraho shale 0il and their mixtures with a
petroleum light gas oil were pyrolyzed in the presence of steam at 880-900°C
and contact times between 60 and 90 milliseconds in a nonisothermal bench scale
pyrolysis reactor. Blending of petroleum LGO into the shale oil feeds provided
product yields that were the weighted linear combination of the yields of the
individual components of the blends. Partial denitrogenation and a pronounced
decrease in the rate of coke deposition on the reactor walls was observed when
petroleum gas oll was blended with the shale gas oils.

INTRODUCTION

" Steam pyrolysis of hydrocarbons in tubular reactors is the key process for
production of gaseous olefins that serve as major raw materials for the
petrochemical industry. While the recent concern regarding cost, supply and
availability of petroleum derived feedstocks for petrochemicals production has
subsided, at least temporarily, the long term outlook remains sufficiently
clouded that the present breathing spell affords an opportunity to examine
potential altt%ririaﬁjzv%”feed sources. These ’‘concerns have lead to several
investigations e of shale o0il as feed for olefins prodltision.
Indeed, the M. W. Kellogg Company have recently completed a study to
evaluate shale oil fractions and hydrotreated shale oil fractions as feed for
olefins production 1in conventional pyrolysis. The authors concluded from
this study that shale oil distillates produce ethylene, propylene and benzene
ylields similar to those from petroleum, however coking rates were unacceptably
high for all except the lightest fraction. Mild hydrotreating improved the
tube wall fouling rate of the shale oil naphtha and light gas oil fractions to
the range typical of petroleum light gas oil (LGOP); that for the heavy gas oil
(HG0S) was improved but still unacceptable. In another study ), more
extensive prerefining by hydrotreating reduced the heteroatom concentration and
provided yields of olefins comparable with or exceeding those from petroleum
fractions. Substantially lower ethylene yield was obtained from severely
hydrotreated TOSCO Il distillate due to steam reformi& during pyrolysis.
Coking rates and liquid products yields were not reported.

While i1t is clear that shale o0il has the potential to eventually be a major
source of hydrocarbon for both fuel and chemical production, the near term
prospects call for 1imited production from subsidized programs. Since
dedicated refineries and petrochemlcal plants cannot be justified to utilize
this material, it will be necessary either to upgrade the shale oil to 1its
petroleum equivalent or to improve its processability by blending 1t with
conventional petroleum. Indeed, even when shale oil production begins to
expand as petroleum declines, the blending of these to produce feedstocks will
presage the smooth evolution of shale oil specific processing technology.
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The literature on steam pyrolysis of shale oil distillates is limited but
adequate to indicate its potential as feedstock, particularly after some
prerefining. The literature on steam pyrolysis of petroleum distillates is
extensive. However, no literature exists 1in the cocracking of shale and
petroleum distillates. Cocracking of petroleum derived feedstocks has been
shown to provide expected product yields, that 1is, ylelds which are the linear
combination of yilelds of the individual component(s7 of the blend. However,
coking behavior of such feedstock mixtures showed ) remarkable effects where
the coking rate of a suitably blended feedstock mimicked the rate of the less
coking feed component.

The present study was undertaken to determine the cracking and coking behavior
of shale o1l distillates under conditions of millisecond pyrolysis and the
effects of admixture of petroleum LGO on these properties. Particular interest
was pald to liquid products.

EXPERIMENTAL:

Apparatus:

The bench scale py olgysljo furnace and flow system have been described
previously in detail.'™*”?

The experimental arrangement for pyrolysis comprised a feed system, vaporizer
preheater, an electrically heated furnace and product recovery system. Liquid
feedstocks were fed from Ruska metering pumps into the vaporizer where they
were mixed with superheated steam before passing through the preheater and into
the reactor. The reaction 2zone was an annulus between a reactor tube and a
coaxial thermowell, both of 310 stainless steel. Temperature profiles were
measured with a calibrated chrome—~alumel thermocouple manually driven along the
length of the reactor. On leaving the reaction zone, the process stream ‘(23
rapidly cooled by admixture with a recycled stream of cooled product gas.
The quenched products were further cooled against chilled water in an indirect
heat exchanger and water condensate plus liquid products were separated by
means of a2 small cyclone separator which was an integral part of the product
gas recycle quench system.

To avoid formation of carbon oxides due to steam reforming reactions, as was
observed 1in other studies with hydrotreated shale oil distillate,( the
walls of the stainless steel reactor were maintained in a catalytically
inactive form by sulfiding and the pyrolysis experiments were performed in the
presence of 50 ppm sulfur which was introduced to the system as ethyl mercaptan
contained in the process feed water.

At the completion of a pyrolysis run the amount of coke deposited on the
reactor ETB? wall during the run was determined by burning out with a steam-air
mixture. To accomplish this, the pyrolysis system is modified by
replacement of the quenching system with a CO2 collection system. Air and
water rates are controlled by rotameters and needle valves. Contaminant CO
is removed from both the water and bottled air used in the burn-off. After the
combugstion gases leave the reactor, the bulk of the unreacted water 1s removed
with a room temperature trap, and residual water vapor is removed with a drying
agent. The dry gases then enter a CuO bed maintained at high temperature to
convert any CO to CO, and 1s then passed through another drying agent prior
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to being absorbed in a preweighed ascarite/magnesium perchlorate tube. Total
carbon deposited 1in the reactor 1s calculated from the weight of C02
collected. A gas chromatograph in the system periodically measures the C02
level in the combustion gas stream to determine when a burnout 18 completed.

After a pyrolysis run/burnout cycle 1s completed, the reactor tube 1is
conditioned for the next run by reducing and sulfiding the reactor walls with a
flow of hydrogen and hydrogen sulfide.

Product Analysis:

Two gas samples, for duplicate analysis by mass spectrometry, were taken in
the first third and final third of the run period. Results of duplicate mass
spectrometric determinations fell within the established limits for this
analytical method, and the averaged values were then used.

Liquid product, after separation from process steam condensate, 1s assayed into
gasoline (36-218°C), light fuel oil (218-343°C) and heavy fuel oil (343°ch)
by gas chromatographic simulated distillation (GCSD) as defined in ASTM method
D-2887. Yields of individual Cg~Cg aromatics (BTX) were obtained by G.C.

Total organic nitrogen present 1in the c.t liquid products from selected
runs was determined by the Kjeldahl method. Boiling range distribution of
nitrogen was determined using a gas chromatographic simulated distillation
method modified by use of a detector specific for organic nitrogen. The method
involves injecting a sample into a chromatographic column equipped with
effluent splitter leading to a Thermionic Specific Detector (TSD) for nitrogen
and a Flame Ionization Detector (FID) for carbon. The area from the TSD for
each time interval is recorded on magnetic tape while the area from the FID
over the entire chromatogram 1Is recorded separately. From these data and
previously determined calibration factors, nitrogen concentration and boiling
range distributions may be determined using the conventional GCSD temperature
vs time plot. A Varian 3700 G.C. equipped with TSD and FID was employed for
this work.

Feedstocks

Shale light gas oil (LGOS) and heavy gas oil (HGOS), prepared by distillation
from Paraho shale oil, were samples of the same materials used in an earlier
steam pyrolysis study (4). An Arablan light gas oil comprised the petroleum
derived light gas o0il (LGOP) used in this study. Blends of shale gas oils and
the petroleum gas oil were prepared to contain 20, 40, 60 and 80 wt¥% petroleum
gas olls. Thus a total of ten feedstocks were examined. Inspection data for
these feedstocks and blends are summarized in Table I.

DATA AND DISCUSSION

Runs were carried out at maximum temperatures (Tm) of a parabolic temperature
profile (9) between 744°C and 899°C with steam dilution corresponding to
steam/hydrocarbon weight ratios between 0.5 and 1.0. All runs were isobaric at
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a total pressure of 13-15 psig (90-105 kPa). Most of the runs were carried out
under millisecond contact times (less than 0.1 seconds); however, one run on
each of the neat shale gas oils (LGOS and HGOS) was carrled out at conventional
contact time (about 0.3 seconds) to determine the effect of this variable on
product yields. With the exception of those runs where excessive reactor
coking (Runs 11,12 & 13) forced early run termination, material balances fell
between 95% and 100%.

Tables II and III summarize the individual run conditions and the observed
yields and conversions for all runs with light and heavy shale gas oils (LGOS
and HGOS), respectively. Runs No. 1 and 10 were carried out under conventio?z}
contact time conditions similar to those used in an earlier study.
Results for bor\h the neat LGOS and HGOS are in excellent agreement with the
earlier data.(['

Comparlson of runs ! and 2 show the effect of conventional vs millisecond
conditions on pyrolysis of neat LGOS. These data (%gow an enhancement in
selectivity to ethylene as described previously for operations at
increased temperature and decreased contact time. A similar comparison (Runs
10 & 11) for pyrolysis of heavy shale gas oil (HGOS) was precluded by the rapid
coking of the reactor.

Pyrolysis of Shale-Petroleum Gas 011 Blends:

Gaseous Product:

In runs No. 3,4,5,6 and 7, blends of an Arabian light gas oil (LGOP) and shale
light gas oil (LGOS) were pyrolyzed under closely 1identical operating
conditions. Conversion and product yields changed monotonically 1in the
mixtures between those for neat LGOS and for neat LGOP. Figure 1 illustrates
the changes 1in conversion and yields of major gaseous products for the
LGOS/LGOP feedstock blends. Yields of major products for these blends are the
arithmetic weighted average of the ylelds for the individual feedstocks in the
blends. Accordingly, full yield benefits normally attainable from separate
steam pyrolysis of shale LGO may be realized by cocracking the shale feed with
petroleum gas oil in an existing gas oil pyrolysis furnace. Since the shale
o0il feed, in this case, is intrinsically poorer in terms of ethylene yield, a
proportional penalty in furnace ethylene capacity will obtain. To some extent,
this penalty can be compensated by 1increasing severity or decreasing
hydrocarbon partial pressure, e.g. runs no. 2 vs 3.

Due to the higher coking rates attendant to the pyrolysis of the shale heavy
gas oll (HGOS), fewer data are avallable for this feedstock. Figure II
summarizes the conversion and ylelds of major gaseous products for cocracking
HGOS/LGOP blends. While these data are limited to blends at the low end of the
HGOS content, extrapolation to 100% HGOS provides an estimate yield that might
be realized from high severity pyrolysis of neat HGOS. The extrapolated
results appear reasonable in view of those obtained from HGOS under milder

conditions (Run 10}.
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Liquid Products:

Gasoline and fuel ol1l become major products of olefins production processes
when 1liquid hydrocarbon feedstocks are used in steam pyrolysis. These, so-
called, co-products comprise from 35-55 wt? of the feed depending on feed
properties and pyrolysis conditions. Consequently, these 1liquid co-products
exert a large effect on the economics of naphtha and gas oil pyrolysis for both
petroleum or shale oil derived feedstocks.

With the exception of a related study (4) which reports the gasoline and fuel
01l yields from pyrolysis of shale oil distillates, no literature exists on the
effects of operating conditions on yields or on the quality of these liquid
products. In the present work both of these topics were investigated.

Yields of boiling range fractions of the pyrolysis liquids as determined by gas
chromatographic simulated distillation (GCSD) (ASTM method D-2887) are
summarized in tables II and III. Gasoline yield from LGOS appears to be
somewhat greater than that for tbe petroleum gas oill studied. This result may
not be unique, thowever, since gasoline yield 1is known to depend on
characteristics of various petroleum gas oils. It is of greater interest that
the yield of potential motor gasoline appears to change little with either
pyrolysis severity or with composition of the blended feedstocks. Since
gasoline yields for LGOS are comparable to those of petroleum feedstock, it is
of interest to determine the quality of this for use as motor fuel. A special
gas chromatographic method was used to provide data needed for calculation of
Research Octane Number (RON) of the gasoline fraction in the pyrolysis liquid
from Run #9 (60% LGOS/40% LGOP). According to this method, a cutting columm is
used to separate the gasoline from the higher boiling materials which are
discarded in a back flush. The gasoline cut is fed to a capillary colum for
quantitative analysis and identification of the components in the gasoline.
The Research Octane Number calculated from this G.C. analysis using the method
of Anderson et al (1) was found to be 99.4.

Light and heavy fuel oil yields are greater for the shale o1l feedstocks and
these vary linearly with composition for the blended feedstocks.

Nitrogen Distribution:

Shale o0il as well as its distillate fractions have a high content of organic
nitrogen, typically between 1 and 2 wt percent. Since nitrogen is a catalyst
poison for current refinery operations and a detriment to liquid fuel products,
most schemes for wutilization of shale o1l require upgrading by severe
hydrotreating. While steam cracking (a non catalytic process) is not inhibited
by organic nitrogen, the quality and hence the value of 1liquid products are
adversely affected. Typically 1in steam pyrolysis of 1iquid feedstocks
approximately one half of the feed is converted to gaseous products which
contain no organic mitrogen. It becomes very interesting then to determine to
what extent, if any, this gasification involves net denitrogenstion of
feedstock and also to determine the distribution of remaining nitrogen among
the liquid products.

Boiling range distribution of organic nitrogen in the LGOS feedstock and in the
pyrolysis 1liquid products from runs with neat LGOS (Run #8) and with LGOS/LGOP
blend (Run #9) were determined by gas chromatography. Results are illustrated
in Figure ITI and summsrized in Table IV,
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TABLE IV

Nitrogen Distribution in Pyrolysis Liquid Fractions

Run No. 8 9
Wt% of weZ W% of we#
Feed N Feed N

Liquid Fraction

€5-218°C (Liquid only) 17.0 2.34 17.9 0.26
C2-218°C Total gasoline(?) 21.7 1.83  21.6 0.22
218-~354°C Fuel 0il 21.1 2.72 20.6 0.71
354°C + Hy Fuel 01l 11.9 4,08 10.7 4,23
Whole Liquid Produt(“t)) 50.0 2.92 49.2 1.39
% Nitrogen Balance 98.6 72.5
Apparent Denitrogenation 7% 1.4 27.5

(a) Includes CS’CG gagsoline components contained in the gas samples.
(b) Total Nitrogen in Liquid Products/N in Feed.

In Figure III, the results of gas chromatographic determination of cumulative
nitrogen content as a function of boiling point (retention time) is plotted
against the analogous data for cumulative carbon (GCSD) in the 1liquid samples.
In this way, the retention time is eliminated from the plot and a distribution
curve relating the nitrogen content with the carbon content 1is obtained in
which the slope of the curve at any point is the concentration of nitrogen in
the fraction of the sample boiling below that point. Thus a straight 1line with
unit slope (45°) 1indicates uniform nitrogen concentration in all fractions of
the total liquid.

Nitrogen in the LGOS feedstock is fairly uniformly distributed over the entire
boiling range (Figure III-a). The liquid produced from pyrolysis of neat LGOS
contains almost all of the organic nitrogen from the feed and this nitrogen is
also broadly distributed over the boiling range of this product (Figure TI-b).
In this case, there 1is a small trend toward increasing nitrogen concentration
with increasing boiling range.

A pronounced change 1in nitrogen distribution (Figure III-c) is found in the
liquid product from cracking a blend of LGOS and LGOP. In this case, the
nitrogen concentration is strongly shifted into the heavier portion of the
pyrolysate and a significant part of the feed nitrogen appears to have been
removed., Partial denitrogenation by steam pyrolysis provides a clear economic
benefit from cocracking shale oil/petroleum blends. Additional benefits may be
derived from the reduced nitrogen content of the gasoline and light fuel oil
products which, although they still require upgrading, can be denitrogenated
with less severe hydrotreating than would be required for denitrogenation of
the entire feedstock or the products from separate cracking of LGOS.
Disposition of the heavy fuel is an equivalent problem in either case. 1In any
event, cocracking of shale oil and petroleum feedstocks offers an interesting
alternative to severe hydrotreating of shale oil.
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Page 7

Reactor Tube Wall Fouling:

The high fouling rate exhibited by heavier shale o1l fractions has been
identified (4) as being the major hurdle that must be overcome 1In its
utilization as feedstock for olefins production. Partial hydrotreatment of the
pyrolysis feed resulted in reducing the fouling rate (4) but not to an
acceptable 1level, especially for the heavy gas oil (HGOS). Severe
hydrotreatment, on the other hand, reduced fouling ‘adequately (5) but at
considerable expense due to high hydrogen consumption and the high pressures
required (2).

Inhibition of tube wall coking in pyrolysis furnace tubes by cocracking in the
presence of a low coking hydrocarbon has recently been described (7). It has
now been found that an analogous phenomenon occurs in the cocracking of shale
gas oils in admixture with a low coking petroleum gas oil. Figure IV 1llus-
trates this effect for both the HGOS/LGOP and LGOS/LGOP feed blends. With the
addition of less than 40% LGOP to LGOS, the fouling rate of the feedstock com-
bination 1s substantially reduced and closely approaches the rate character-
istic of the petroleum gas oil itself. Substantially more LGOP must be added
to suppress the fouling rate of HGOS. This is in accord with the intrinsically
higher coking propensity of the heavier shale feedstock.

While the fouling behaviour of the HGOS and LGOS blends with LGOP d in
qualitative agreement with the coke inhibition index (CII) concept, it
does not agree quantitatively with the correlation developed for petroleum
feedstocks. High organic oxygen and nitrogen contents of the shale liquids
exert a positive influence on their coking properties as evidenced by the
observed (5) decrease in coking rate upon removal of these heteroatoms.

According to the observed coking behavior of mixtures of shale and petroleum
distillates, acceptably low coking rates can be expected from blends containing
significant quantities of shale 1liquid. This provides an 1interesting
alternative to hydrotreating prior to pyrolysis.

CONCLUSIONS:

Shale o1l distillates may be a substitute feed for olefins production in high
severity pyrolysis. Cocracking in admixture with suitable petroleum derived
feedstocks offers a potential alternative to costly hydrotreating by providing
partial denitrogenation of the liquid fuel coproducts as well as by largely
overcoming the barrier due to the inherent excessive tube wall fouling
characteristics of the shale oil liquids.
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DETERMINATION OF HYDROGEN DONATING PROPERTIES OF COAL LIQUEFACTION PROCESS SOLVENTS

Douglas W. Later and Donald M. Camaioni

Pacific Northwest Laboratory
Richland, Washington 99352

INTRODUCTION

The hydrogen donating properties of solvents used in direct coal liquefaction
processes are of key importance in determining conversion efficiencies and overall
product qualities. The reduction of fluorenone to fluorene at 400°C has recently
been used in this laboratory to study the hydrogen donating properties of process
solvents from different direct liquefaction technologies. Choi and Stock [1,2] have
elucidated the mechanism of the reduction of fluorenone by hydrogen donating com-
pounds and have demonstrated the utility of this reduction for evaluating the hydro-
gen atom transfer properties of coal and coal macerals.

The reduction reaction for fluorenone occurs in three stages [1]. Stage 1 is a
radical process which produces 9-hydroxyfluorene as the intermediate product. 1In
stage 2, this intermediate is transformed into bis(9-fluorenyl) ether by a non-
radical process. The ether decomposes in stage 3 to produce fluorene and fluorenone
via a radical process. In the study by Choi and Stock, it was shown that radical
initiators, such as benzyl phenyl thioether or coal, accelerate the reactions of
stages 1 and 3. The mechanisms of stages 1 and 3 are formulated in Scheme I. In
the absence of initiator, a bimolecular molecule-assisted homolysis reaction [3-5]
between fluorenone and donor initiates the reduction reaction:

0.0 +OH, —» 0.0 +DH

(o] OH

Reductions conducted in the absence of added initiators measure the ability of
the solvent to both initiate the reduction and transfer hydrogen to radicals,
whereas reductions carried out in the presence of initiators serve to measure the
hydrogen donor ability of the solvent. Thus, the fluorenone reduction reaction pro-
vides a simple procedure to assess the relative abilities of process solvents and
solvent components to participate in these radical initiating and hydrogen transfer
reactions which are important to coal liquefaction.

EXPERIMENTAL
SAMPLES

Fluorenone was prepared by air oxidation [6] of fluorene (Aldrich Chemical) and
was recrystallized from methanol to yield material >99% pure as determined by
capillary column gas chromatography (GC). Process solvents from two direct coal
liquefaction technologies were used in these experiments: (1) a Solvent Refined
Coal (SRC)-1 process solvent; and (2) a recycle pasting solvent from the
Wilsonville, AL integrated two-stage liquefaction (ITSL) process. The physical and
chemical properties of these materials are discussed in detail elsewhere [7,8].
Briefly, the SRC-1 solvent had a boiling range of 480-850°F and the ITSL pasting
solvent was a 650°F+/solid resids material. These liquefaction materials are from
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developmental processes and should not necessarily be considered representative of ;
future commercial coal liquefaction products.

The .crude solvents were each tested individually for fluorenone conversion
efficiency. In addition, chemical class fractions of these materials were obtained
by alumina adsorption chromatography. Details of this procedure have been pre-
viously reported [9]. Briefly, the crude coal liquefaction materials were separated
into four chemical classes: (1) aliphatic hydrocarbons, (2) neutral polycyclic
aromatic hydrocarbons (PAH), (3) nitrogen-containing polycyclic aromatic compounds
(N-PAC) and (4) hydroxylated PAH (Hydroxy-PAH).

Fluorenone Reduction Reactions

Fluorenone reductions were conducted at 400°C for 1 hr in sealed evacuated
quartz tubes. Generally, benzene solutions of reactants were prepared and aliquots
were transferred by microliter syringes to 6 mm o.d. quartz tubes {1 mm wall thick-
ness), so as to provide 50 uL total volume containing approximately 5 mg donor and
0.025 mmo1 fluorenone. Reactions with the ITSL crude process solvent necessitated
weighing the material directly into the tubes due to its insolubility in benzene.
Loaded reaction tubes were freeze-thaw degassed on a vacuum line prior to flame
sealing and thermostating in a Tecam SB-4 fluidized sandbath with TC4D temperature
controller,

Quantitative Analyses

Quantitative analyses of the fluorenone reaction products were performed by
capillary column GC. A Hewlett-Packard (HP) model 5880A gas chromatograph equipped
with a 30 m x 0.25 mm i.d. fused silica DB-5 (J&W Scientific) capillary column was
used. The splitless injection technique was used for sample introduction in
conjunction with an HP7671A auto sampling device. Each sample was analyzed in
triplicate using a flame ionization detector with peak response information stored
and manipulated by the HP5880 microprocessor-controlled integrator. 2-Chloroan-
thracene was added to all reaction products at a concentration of 100 ng/uL and was
used as internal standard for all GC quantitative analyses. Calculations for the
conversion of fluorenone to fluorene were done on a mole basis with the conversion
amounts reported for fluorene as a percentage of the initial fluorenone present in
the reaction. This value was then adjusted to reflect a weight-normalized conver-
sion based on a 5 mg quantity of coal liquid used in the fluorenone reduction
reaction. Replicate analyses were performed with the mean and standard deviation
reported in Table 1. Recovery percentages were also calculated and reported.

RESULTS AND DISCUSSION

The conversion yields for the reduction of fluorenone to fluorene by the crude
process solvents and their chemical class fractions are presented in Table 1. For
comparison, 9,10-dihydroanthracene was run and was observed to produce a 21+2%
conversion of fluorenone; this is in close agreement with the results of Choi and
Stock for the same compound [1,2]. Recoveries of fluorenone plus fluorene were
greater than 90% for the unfractionated process solvents indicating that little
adduction of intermediate fluorene-based radicals with solvent constituents had
occurred. The aliphatic hydrocarbon and neutral PAH fractions showed recoveries
similar to the crudes; greater than 85%. But, the more polar constituents exhibited
lower recoveries (70-80%), which suggests that adduction of fluorenone reduction
intermediates with N-PAC (A3) and hydroxy-PAH (A4) components occurred under these
reaction conditions. Ionic reactions of the 9-hydroxfluorene with these polar frac-
tions likely divert the reduction reaction producing fluorenyl adducts to the
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activated aromatic rings. Choi and Stock [1] observed that reductions of benzo-
phenone in the presence of phenol lead to diphenylmethylphenols and other side
products.

The SRC-1 solvent ‘showed lower conversion (38%) than the ITSL process solvent
{88%) from the new generation two-stage 11quefact1on technology. The chemical
composition of the process solvents investigated in these experiments have been
characterized and compared previously [7]. Table 2 provides information regarding
their relative chemical class compositions. The ITSL material contained a wide
range of high boiling, high molecular weight constituents while the SRC-I process
solvent had intermediate boiling point and molecular weight ranges. The ITSL
recycle pasting solvent contained the highest levels of aliphatic hydrocarbons and
had the lowest combined levels of nitrogen and oxygen heteroatomic PAH. Further-
more, from detailed chemical analyses by GC and GCMS [7,8], hydroaromatic compounds
such as dihydropyrene, which are known to be excellent hydrogen-donating compounds,
were major constituents of the ITSL process solvents.

If the relative conversion yields for the different chemical classes are com-
pared for a given coal liquefaction solvent (see Table 1), the chemical class pro-
ducing the lowest conversion was the aliphatic hydrocarbon fraction (A ), followed
by the neutral PAH isolate (A,). The N-PAC (A3) and hydroxy-PAH (A4) c]asses pro-
vided the highest yields for %he conversion of fluorenone to fluorene. Hence, it is
apparent that the polar constituent of coal liquefaction process solvents partici-
pate well in both the radical initiating and hydrogen donating steps shown in
Scheme I. This observation is consistent with model studies which showed that
1,2,3,4-tetrahydroquinoline produced higher conversions to fluorene than tetralin or
9,10-dihydroanthracene [1,2]. Thus, the reduced levels of N-PAC in the SRC I versus
the ITSL process solvent is one possible reasons for the relatively lower conversion
yields observed for the SRC I material.

Considerable variability in the conversion yields of the neutral PAH fractions
(A ) of these two process solvents was observed. It was therefore of interest to
compare the chemical/physical properties of these isolates. The neutral PAH iso-
lates of the SRC-1 process material displayed only a 7% conversion yield, This
isolate was mostly 2- to 5-ring parent PAH with relatively low levels of alkylated
and hydroaromatic PAH [9]. The neutral PAH isolate (A,) from the ITSL recycle
pasting solvent had a higher fluorenone conversion yield, 84%, and was
characterized by high levels of alkylated PAH and hydroaromatic compounds, The mean
molecular weight of this isolate was much higher than the SRC I process solvent
[7]. The presence of significant levels of greater than 5-ring PAH in this isolate
was responsible for the shift to higher average molecular weight. Larger aromatic
ring systems provide greater resonance stabilization of radicals derived from PAH
components of this fraction. Greater resonance stabilization energies of radicals
cause lower energies of activation (E,) for initiation and hydrogen transfer
reactions which equates with 1ncrease8 reaction rates and higher conversions.

SUMMARY

In summary, it is evident from the data presented in this paper using the
fluorenone-fluorene conversion model system that comparative assessments of recycle
solvents with different chemical and physical properties are possible. The polar
constituents of these process materials, the N-PAC and hydroxy-PAH, appeared to be
the most efficient radical initiators and hydrogen donators. The effectiveness of
neutral PAH chemical fractions as reductants was dependent on the amounts of
alkylated and hydroaromatic compounds present, as well as the size distribution of
aromatic ring systems which make up the fraction. The ITSL neutral PAH fraction
showed a better conversion efficiency than the analogous SRC-1 fraction. The addi-
tion of a radical initiating agent, such as coal, is expected to alter the net
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fluorenone conversion efficiencies of these crude solvents and solvent fractions,
presumably to reflect relative hydrogen donating abilities.
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Scheme 1.

A
Initiator — R.

R + DH, — DH-: +RH

Stage 1:
DH- + - D+
o OH
+DH, — +DH-
on H” OH
Stage 3:

o Q) ,, O
Bl - Bod - eqoege
+DH, > +DH-

Radical Mechanism for the Reduction of Fluorenone by Hydrogen Donors
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TABLE 1. Conversion of Fluorenone to Fluorene by Two Coal! Liquids and
Their Chemical Fractions

Sample Fraction(8) % Conversion(b) % Recovery(€)

SRC-1 Process Solvent: Crude 38t 2 91
A 111 89
Ay 71t1 95
Aj 45 t 4 78
Ay 43 81*

ITSL Recycle Pasting Solvent: Crude 88 +1 97
A 9¢+3 86
Ay 411 91
Aq 65* 82*
Ay 57 ¢ 1 78

Fluorenone Only --- 0 85

(a) Key: Ay = aliphatic hydrocarbons; Ay = neutral PAH; A3 = N-PAC; and
Ag = hyéroxy-PAH.

(b} % conversion is quantity of fluorene in moles versus the initial fluorenone
quantity normalized to 5 mg of sample.

(¢) % recovery is the sum of both fluorene and fluorenone as compared with the
initial fluorenone quantity.

* Single point determination,

TABLE 2. Comparative Chemical Class Composition of Process Solvents
from Two Different Direct Coal Liquefaction Technologies

Aliphatic Neutral PAH/

Hydrocarbons Hydroaromatic N-PAC Hydroxy-PAH

SRC-1 Process Solvent 13.9 47.5 13.5 25.1

ITSL Recycle Pasting Solvent 25.9 41.0 21.1 12.0
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THE KINETICS OF CATALYTIC HYDROGENATION OF
POLYNUCLEAR AROMATIC COMPONENTS IN
COAL LIQUEFACTION SOLVENTS*

H. P. Stephens and R. J. Kottenstette

INTRODUCTION

Although the importance of polynuclear aromatic hydrocarbons
(PAHs) as hydrogen transfer agents in coal liguefaction has
been well established (1,2), there have been few studies of the
kinetics of the formation of hydroaromatic donor forms by
catalytic hydrogenation. This paper presents the results of
hydrogenation experiments performed with single component PAH
solutions in an inert solvent and with a complex,
multicomponent coal-derived liguid. The rate of hydrogenation
of one PAH component found in coal-derived liquids, pyrene, was
followed and used to illustrate the impact of reaction
conditions on the kinetics and thermodynamics of catalytic
hydrogenation of PAHs in liquefaction solvents. The results
show that the catalytic hydrogenation behavior of PAHs in
complex coal-derived liquids is analogous to that of a single
component system. In addition, this study clearly demonstrates
PAHs in coal-derived liquids can be guantitatively hydrogenated
to donor-solvent products at temperatures as low as 100°C.

EXPERIMENTAL

To establish the thermodynamic behavior of the hydrogenation of
pyrene to 4,5-dihydropyrene, reactions were performed over a
wide range of conditions: temperatures from 275 to 400°C and
pressures from 500 to 2000 psig. Subsecuent kinetic
experiments with pyrene and the coal-derivecd liguefaction
solvent were performed at 100 and 300°C and hydrogen pressures
of 100 and 500 psig.

Materials

Pyrene and n-hexadecane, an inert solvent for the pyrene
experiments, were used as received from Aldrich Chemical
Company. The coal-derived liquid studied was a hydrogenated
Koppers creosote o0il used as a start-up solvent in pilot
two-stage coal liquefaction experiments (3). Prior to use, it
was catalytically dehydrogenated under nitrogen at 425°C. This
converted all but approximately 10% of the hydropyrenes to
pyrene. Two catalysts were employed for these experiments.
Shell 324 M, a Ni-Mo/Alumina catalyst currently used in the
second stage of integrated two-stage pilot plant operations
(4), was added in its presulfided form to experiments at 275°C
and above. Because Shell 324 has a low activity at
temperatures below 250°C, reactions performed at 100°C were

® This work supported by the U. S. Department of Energy at
Sandia National Laboratories under contract DE-AC04-76DP00789.
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catalyzed with a novel catalyst under development, palladium
hydrous titanate (5,6). Both catalysts were added to the
reactors as -200 mesh powders. High purity hydrogen was used
in all experiments.

Apparatus and Procedure

Batch reactions were performed in stainless steel microreactors
(7), equipped with thermocouples and pressure transducers.
Four reactors could be operated simultaneously. After the
reactors were charged with the reactants and catalyst, they
were pressurized with hydrogen and heated to temperature
(heat-up time % 1 min) in a fluidized sand bath while being
horizontally shaken at 160 cycles/min. Temperatures and
pressures were recorded with a digital data acquisition system
during the course of the experiments. Following the heating
period, the reactor vessels were guenched (time of quench % 10
sec), and the products were removed for analysis.

A separate set of experiments was used to establish that
catalyst particle size and reactor agitation rate were
sufficient to prevent reaction rate retardation due to mass
transfer limitations. It was estimated from reactor heat-up
and quench rates that time at temperature could be determined
to within 0.5 min. Temperatures and pressures were maintained
at the nominal values to within + 2°C and + 20 psig
respectively.

Product Analyses

The products were washed from the reactor with toluene,
filtered to remove catalyst and transferred to a volumetric
flask. Following the addition of internal standards,
2-methylnaphthalene for the hydrogenation of pyrene in
n-hexadecane and n-tridecane for the creosote 0il experiments,
the product solutions were brought to a known volume and
analyzed by gas chromatography.

Packed column chromatography [Hewlett-Packard 5840A with flame
ionization detection (FID)) was sufficient for analysis of the
products from the pyrene reactions. Column and chromatographic
conditions were: 1/8 in x 10 ft. column with Supelco 10%
Sp-2100 on 100/120 Supelcoport, 220°C, 20 em3/min nitrogen
carrier gas. However, separation of the product components of
the creosote o0il experiments required high-resolution
chromatography (Hewlett Packard 5880A with FID) and a capillary
column: 0.2 mm ID x 30 m long SE 54; 0.56 cm3/min helium
carrier flow; 100:1 split ratio injection; and a temperature
ramp from 120 to 270°C at 2°C/min.

Gas chromatography/mass spectrometry technigues were used to
identify the order of elution of pyrene and hydrogenated
products. An external standard consisting of a solution of the
internal standard, pyrene, n-hexadecane and 1,2,3,6,7,8-
hexahydropyrene was used to establish FID response factors
relative to the internal standards. The weights (W) of each
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component of the product mixture were calculated from the
chromatograph area (A), the response of the standard (Rg) and
the relative response factor (Rp):

W=Rr'RstA

RESULTS AND DISCUSSION

Thermodynamic Behavior

Qualitative aspects of the hydrogenation of pyrene in
n-hexadecane at the higher temperatures of this study can be
observed in Figure 1, a plot of the ratio of 4,5-dihydropyrene
(HgPy) to pyrene (Py) concentration as a function of time for
experiments performed at 300°C and 500 psig. As can be seen,
[BoPy)/[Py] approaches a constant value which indicates that
hydrogenation proceeds by a reversible reaction:

1
HE>» + P = H
2 4 t—k_—l-— 2Py
Thus, the maximum (equilibrium) concentration of dihydropyrene
[B2PY]e which can be formed is limited by the hydrogen
pressure P and the value of the equilibrium constant Kp for
the reaction:

[H2Pyle = P KplPyle

Results of the experiments at 300°C and 500 psig with creosote
oil, Figure 2, have established that the dihydropyrene to
pyrene ratio exhibits a similar, though much slower, approach
to an equilibrium value.

Results of more than 50 catalytic hydrogenation experiments
with pyrene over a wide range of temperatures (275 to 400°C),
hydrogen pressures (500 to 2000 psig) and reaction times (5 to
120 minutes) have established the temperature dependence of
Kp, as calculated from the pressures and eguilibrium
concentration ratios of [HyPyle to [Pyle:

. 1 [HZPy]e
p P Teylg

A van't Hoff plot of these values is given in Figure 3. Linear
regression of the data yields the temperature {degrees Kelvin)
dependence of Kp for the hydrogenation of pyrene to
dihydropyrene:

In K_ = - 15.86

5330
P T
Extrapolation of this equation shows that low temperature
hydrogenation greatly favors the formation of dihydropyrene.
For example, consider hydrogenation at 500 psig and two
temperatures 400°C and 100°C. Although conversion of pyrene to
dihydropyrene is limited to 15% at 400°C, equilibrium
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conversion at 100°C is greater than 99%. Thus, at high
temperatures pyrene hydrogenation is a reversible process,
while at low temperatures, it is essentially an irreversible
process. In addition, higher values of Kp at low
temperatures permit a substantial reduction in hydrogen
pressure to achieve comparable or better conversions.

Kinetics

For reversible reactions, the approach to equilibrium can be
modeled as a first-order process with an effective rate
constant equal to the sum of the forward and reverse rate
constants (8):

Ko
Xe—Xy

1n = (kl+k_ t

1)

where X, and Xg are the extents of reaction at time t and
at equilibrium. For pyrene

< - [HZPy]t
t [Py]t + [HZPy]t
and
P K
Re *T77X

p

Figure 4 shows a plot of 1n (X¢/(Xe-X¢)) vs time at 300°C

and 500 psig for the hydrogenation of pyrene in n-hexadecane
and Figure 5 shows a similar plot for the hydrogenation of
pyrene in creosote o0il. As can be seen, although the rate of
hydrogenation of pyrene in the complex solvent may be modeled
by pseudo first-order reversible kinetics, the rate constant on
a catalyst weight basis is two orders of magnitude smaller.
This can be attributed to the presence of many other species in
the creosote oil which compete with pyrene for active sites on
the catalyst.

That catalytic hydrogenation of pyrene proceeds by an
essentially irreversible reaction path at low temperatures is
demonstrated by the results of experiments with pyrene in
n-hexadecane catalyzed with palladium hydrous titanate at 100°C
and 100 psig. Two major products, 4,5-dihydropyrene (HyPy)
and 4,5,9,10-tetrahydropyrene (H4Py) are formed under these
conditions. Initial experimentation showed that although the
concentration of H4Py increased monotonically with reaction
time, the concentration of FyPy reached a maximum, then
decreased. Because this behavior indicates an irreversible
series reaction path,

k k
Py —1——-)H2Py —2, H,Py
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the results of additional experiments (% conversion to HyPy
vs & conversion to H4Py) were plotted on a series reaction
diagram, Figure 6. An excellent fit of the data to a
hyperbolic series reaction path expression was obtained:

Y + S(X-100) = S(Y+X-100)1/5, s ¢ 1

+

where = % conversion to HoPy
$ conversion to H4Py

Y
X
s selectivity = kj/ks = 1.5

Therefore, the rate of disappearance of pyrene can be modeled,
as shown by Figure 7, by irreversible first-order kinetics:

Pyl
1n -[—PTJ; = klt

where [Pylo is the initial concentration of pyrene.

That pyrene in a complex liguefaction solvent can be
hydrogenated irreversibly at low temperatures was demonstrated
by hydrogenation of creosote oil at 100°C and 500 psig for 30
minutes with palladium hydrous titanate catalyst. No pyrene
could be detected in the hydrogenated creosote o0il following
the reaction. It was completely converted to hydrogenated
products.

CONCLUSION

The ultimate application of this study is to provide guidance
for establishing optimum conditions for hydrogenation of coal
liquefaction process solvents. The results presented here show
that high temperature catalytic hydrogenation of PAH hydrogen
donor precursors such @as pyrene is reversible and that the
maximum conversion to dihydropyrene is thermodynamically
limited by a low value for the equilibrium constant Kp.
Because a higher value of K, at low temperatures favors
formation of the hydroaromagic product, conversion at low
temperatures is kinetically limited., However, advantages of
low temperature hydrogenation include quantitative conversion
of PAHs to hydroaromatics and a substantial reduction of the
hydrogen pressure. Additionally, this study has clearly
demonstrated that satisfactory hydrogenation rates at low
temperatures may be achieved by using more active catalysts,
such as palladium hydrous titanate.
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FIGURE 1. tH ,Pyl/IPy) vs. time for hydrogenation

of pyrene (100 mg) in n-hexadecone
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FIGURE 2. [H,Py)/CPy] va. time for hydrogenotion
of dehydrogenated creosote oil (1.0 g),
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FIGURE 4. Pseudo first—order reversible kinetic

plot for hydrogenction of pyrene in
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FIGURE 6. Series reaction diogram for hydrogenation
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COAL LIQUEFACTION WITH 13¢ LABELLED CARBON MONOXIDE

S.A. Farnum, A.C. Wolfson, D.J. Miller,
G.E. Gaides, and D.D. Messick

University of North Dakota Energy Research Center
Box 8213, University Station
Grand Forks, North Dakota 58202

Low-rank coals may be successfully liquefied under pressure using CO or mixtures of
C0 and H,0 or CO0 and Hy,. Following a suggestion in the literature in 1921 (1),
Appel ancl2 Wender in 1968 reported conversions of both bituminous coal and lignite
with CO/H,0 (2). The reaction with lignite was found to be rapid, converting 1:1
lignite/H,0 to benzene-soluble tar plus gases in 87% yield (maf) coal at 2,000 psi
initial C% pressure and 380°C. Successful continuous liquefaction of lignite in a
Process Development Unit for 28 day runs was demonstrated by Severson and co-workers
at the University of North Dakota Chemical Engineering Department's Project Lignite
(3, 4). During these runs the wet, as-received coal was processed with 50/50 CO/H
(syngas) at about 440°C and 2,500 psig. The heavy product prepared was calleg
"Solvent-Refined Lignite", SRL. Batchelder and Fu evaluated some of the syngas
technology in 1979 with respect to process commercialization (5).

The University of North Dakota Energy Research Center has continued to
investigate low-rank coal liquefaction using mixtures containing CO. The use of H,S
along with syngas has resulted in much improved processing (6). Recently, low
temperature reactions (below 400°C) using CO as the reductant have shown exceptional
pramise (7).

Several mechanisms for reduction reactions with CO have been proposed. Previous

studies at UNDERC have shown that CO apparently reacts more rapidly with coal than °

does H,, and that the amount of CO that reacts increases as more as-received lignite
is addzed (8). whether the CO reacts directly with the coal organic structure or
with the water in the coal to produce H, in situ, is unknown. The catalytic effect
of coal ash on the shift reaction (CO ¥ H,0 = o, + HZ) may also be a significant
factor. Finally, it has been suggested tha?t hydrogen formed from closely bound coal
water may be especially active "nascent hydrogen" (2, 9).

We ciaried out a high temperature study of the reaction of isotopically labelled
syngas ( CO/Hy) with a Texas lignite at 450°C and 3400-3700 psi in coal-derived
solvent (10). ~This study was designed to determmine the amount of CO incorpﬁation
into the distilled products and hydrocarbon gases. No incorporation of the *°C was
seen, thus eliminating Fischer-Tropsch type reactions, and direct incorporation
Esactions, such as carbonylation reactions. The only labelled product found was 3

Co,. At that time we did not examine the insoluble products for 13¢
incorporation.

The present study was designed to investigate low temperature reactions of three
coals of differing rank, Big Brown Texas lignite, Wyodak subbituminous, and Powhatan
bituminous coal, with pure CO. The conditions chosen also provide baseline data
simulating the first stage in a two-stage liquefaction process. Additional
deve]opment Qlf3 analytical methods insured that each part of the product could be
ﬁamwed for ~C incorporation and the gases were more carefully analyzed for

C/*C ratios in each gaseous carbon-containing product by GC/MS.

Experimental

Reactions were carried out in a multiple minireactor assembly designed for
simultaneous use of up to twelve 22 mL tubes, The stainless steel tubes each
contained a stainless steel stirring bar which mixed slurry and gases when the
assembly was agitated in a fluidized sand bath. Five grams of a 40% as-received coal

slurry in a coal-derived recycle solvent distillate was charged. Labelled gas, 50/50
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13CO/CO, or unlabelled CO gas was introduced, via a manifold system, to a pressure
of 1,000 psig cold. The assembly was lowered into the bath preheated to the
selected temperature, 300°, 340°, or 380°C for 1 hour, rapidly quenched to room
temperature, and allowed to equilibrate. Gas weight was obtained by collecting the
gas in a preweighed evacuated bamb of known volume relative to the reaction
vessel.

The analysis scheme used is outlined in 1F319ulrée 1. Gas analyses were performed

using an automated refinery gas analyzer and *°C/
were obtained using capillary GC/MS.

A portion of the recovered product was extracted with tetrahydrofuran (THF) and
a second portion was microdistilled. A third portion of the recovered product was
extracted with CH,Cl Tﬁd the solvent was removed with a rotary evaporator at room
temperature. A 5(? M C NMR spectrum was obtained for the CH,Cl, soluble fraction
using a gated pulse sequence with the decoupler on only during data acquisition.
Samples in CD,C1, with TMS and Cr(AcAc)3 present were pulsed about two hours until
the signal to noise ratio was adequate. These spectra were campared with those of
samples from reactions performed in the same manner with unlabelled CO. The CH2C1
insoluble produf&s were examined by 50 MHz Cross Polarization/Magic Angle Spinning
(CP/MAS) solid *°C NMR employing total sideband suppression using TOSS dephasing and
foldback pulsing before acquisition (11). These spectra were also campared with
those of products from reactions run at the same time with unlabelled CO.

C ratios for the gaseous products

Results and Discussion

The weights of product gas, THF insolubles, distillation residue, water, and ash
were used tlo calculate conversions for these reactions. For the purpose of this
experiment 30 and CO were assumed to react at the same rate so that labelled and
unlabelled runs could be averaged to obtain yield structures {Table I). The low-
rank coals gave better conversion at 300°C but the Powhatan bituminous coal gave
better conversions at 340° iréd 380°C.

Tracer reactions with C0 are expecigd to give easily recognizable labelled
fsoducts because the natural abundance of *°C is only 1.1%. An incorporation of 1%

C should double the signal. When identical samples for runs with unlabelled CO
are compared, an incorporation of only 0.5% should be recognized without difficulty.

The 13C spectra of the soluble and the insoluble products of labelled reactions
were carefully campared with those run without labelled CO. No differences were
seen for any of the three coal products at 300°, 340°, or 380°C. A camparison of
the CH2C1 insoluble solid spectra fram runs using labelled and unlabelled CO are
shown 1n l-zigure 2.

Gas analyses for selisted rulﬁ ana]yz?% by capﬁ]ary GC/MS and GC were used to
determine the ratios of *°C0 to *<CO and *°C0, to *“C0, and the number of moles of
each isotopic campound in the product. The number ?5 moles of CO, that was produced
from CO was easily calculated since a 50% labelled “°CO was used. The remaining CO
produced was assumed to arise fram the coal, the only other carbon source present.
The number of moles of H, found in the product was less than 1/5 the moles of CO
formed from CO during the reaction of the two Tow-rank coals at 300°C. However,
during reaction of the bituminous coal, Powhatan (POWl), less CO, was formed from
the CO added (Figure 3), possibly because the number of moles of water present in
the charged coal, POW1, was much smaller, which could limit the shift reactions
during the POW1 liquefaction at 300°C. The absence of coal moisture does not,
however, 1imit the conversion of POWl by CO at higher temperatures, since water may
be released by coal thermmolysis at 340° and 380°C which could react readily with CO
(12).
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Table 1. Multiple Minireactor Reactions of CO With 40% Coal Slurries for 60 Minutes

Average Yield (wt % of maf coal)
No. Runs Temperature, SoTuble Average-
Averaged _ Coal °C conversion Gas Distillate Residuum Closure

5 BB1* 300 20 13.5 3.6 8 92
3 WYQ1** 300 24 18 3.7 16 95
3 POW1*** 300 16 4.3 6.4 14 96
2 881 340 62 24 11.8 27 95
1 WYOl 340 51 30.5 2.0 17.5 94
2 POW1 340 83 29 6.2 46 88
2 BB1 380 77 2 9.3 40 92
2 WY01 380 72 39 -3.0 35 g5
2 POW1 380 87 26 1.9 59 101

SoTvent was UNDERC CPU Run 66 D1160 Distillate.

*BB1 - Big Brown Texas lignite, 8.12% ash, 24.40% water.
**4Y0l - Wyodak, Wyoming subbituminous coal, 8.37% ash, 24.03% water.
***pQWl - Powhatan, Ohio bituminous coal, 10.78% ash, 2.02% water.

Sumnary

No L3¢ incorporation into products other than (0, was detected after reactions of
Big Brcwn Texas lignite, Wyodak subbituminous coal, or Powhatan bituminous coal with
50/50 “2C0/CO at 300°, 340° or 380°C in recycle solvent for 1 hour. WNo evidence for
: FLscher-Tropsch type mechanism, CO insertion, or carbonylation reactions was
ound.

These data are consistent with a mechanism involving CO entering into the shift
reaction with in situ water. The differing response of the coals can be explained
by invoking coal” ash liquefaction and shift catalysis and the amount of water
intimately connected with each coal (13, 14). The change in response by Powhatan at
higher temperatures may be due to a shift mechanism initiated by water released from
thermal reactions (12). The success of low temperature CO 1iquefaction would not be
unexpected if a shift reaction mechanism were in operation since the equilibrium
constant for the shift reaction favors Hp and CO, at lower temperatures.
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Figure 2. 50 MHz CP/MAS 13C NMR Spectra of
insoluble heavy ends from CO react]gn with
Big Brown lignite (top) and 50/50 *°C0/CO
reaction with Big Brown lignite (bottom).
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Figure 3. Gaseous product distribution at 300°C from reactions with 50/50 13CO/O.
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WATER-ASSISTED AND NONDONOR-VEHICLE-ASSISTED
COAL LIQUEFACTION

B.D. Blaustein, B.C. Bockrath, H.M. Davis,
S. Friedman, and E.G. Illig

Pittsburgh Energy Technology Center
U.S. Department of Energy
Pittsburgh, PA 15236

and
M.A. Mikita

Department of Chemistry
University of Colorado at Denver
Denver, CO 80202

In continuous coal liquefaction operations, the recycle vehicle has several
functions. First, it serves as the medium in which to slurry the fresh coal feed
and transport it through the preheater into the reactor. Second, it often acts as
a source of hydrogen, i.e., it is a hydrogen donor. Much of the chemistry of coal
liguefaction can be explained by reactions of hydrogen-donor vehicles with coal or
the free radicals generated by thermolysis of coal, In the usual coal lique-
faction process, much of the liquid product serves as recycle vehicle, since the
slurry fed to the reactor is typically two parts recycle vehicle to one part coal.
The throughput of coal for a given reactor might be increased if a lesser quantity
of a readily available material could be substituted for the coal-derived recycle
vehicle. One possible substitute would be water, at least as far as acting as a
slurry medium for fresh cqal feed.

Water has been used in the past in the liquefaction or the extraction of coal
for a variety of reasons. When used in combination with carbon monoxide and a
suitable catalyst, water was a source of hydrogen for the reduction of coal [1,2].
In this work, an organic solvent was frequently used in combination with water.
Liquefaction under carbon monoxide has also been carried out with slurries com-
posed of coal and either water or aqueous base without an organic solvent (3,4].
In some cases, water served to carry dissolved metal salts used as homogeneous
catalysts as well as acting as the liquefaction medium [5]. Thus, the elimination
of coal-derived recycle solvents commonly used in liquefaction in favor of water
-- a simple, cheap, and readily available substitute -- has already been
accomplished in the laboratory. In comparison with conventional organic lique-
faction solvents, water has been shown to be quite effective when used in com-
bination with H2S, in particular under synthesis gas rather than hydrogen [6].
Aqueous liquefaction using impregnated catalysts has also been combined in a
single operation with supercritical water distillation to separate the oil and
asphaltene from the coal char residue [7]. The results clearly show that the
liquids produced by hydrogenation can be extracted by supercritical water and
transported away from insoluble coal residues. It has also been shown that the
simple treatment of coal with supercritical water in the absence of hydrogen or
catalysts renders a substantial portion of the treated coal extractable by tetra-
hydrofuran after the product was cooled and recovered from the autoclave [8]. The
amount of extract obtained depended on the density of the supercritical water.
Higher yields were obtained when coal was injected into supercritical water, thus
providing a rapid heat-up of the coal, than when a coal-water slurry was heated to
operating temperature. From these extraction studies, it is apparent that water
is able to assist the diffusion and dispersal of liquefaction products and
reactants. In addition to these roles, it has also been reported that water may
directly participate as a reactant in the thermolytic chemistry of certain model
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compounds. In the presence of water, dibenzyl ether decomposes at 400°C by both
pyrolytic and hydrolytic pathways, the latter leading to the formation of benzyl
alcohol [9]. The removal of nitrogen from heterocyclic compounds, such as
isoquinoline, was also reported to be accelerated in the presence of supercritical
water [10].

Taken together, these studies indicate that under various conditions, super-
eritical water may act as a good liquefaction medium, dissolve or extract coal-
derived liquid products, promote the cleavage of certain bonds likely to be found
in coal, provide hydrogen through the water-gas shift reaction, and possibly
assist the contacting of coal with catalysts or hydrogen. It has also now been
made clear by the successful preparation of coal-water mixtures for direct com-
bustion that pumpable slurries can be made at ambient conditions using as little
as 30% by weight of water. The present study is intended to evaluate further the
role of water, near or above its critical temperature, in the conversion of coal
to a liquefaction product. Specifically, we wish to determine whether it is
possible, feasible, and, finally, advantageous to use water as a replacement for
all or part of the recycle vehicle used for slurrying coal in conventional lique-
faction practice. Since water is not a hydrogen donor in the usual sense, the
behavior of other nondonors was also examined. It should be pointed out that for
coal hydrogenation alone, no vehicle is needed. Much of the previous work on coal
hydrogenation was done by simply subjecting dry powdered coal in batch units to a
high pressure of gaseous hydrogen, sometimes under the influence of an impregnated
catalyst [11].

EXPERTHENTAL

A multireactor consisting of five individual microautoclaves, each of
approximately H45-mL capacity and attached to a single yoke, was used to study
these reactions [12]. The entire assembly was immersed rapidly into a preheated,
fluidized sand bath, allowing heat-up to reaction temperature in 4-6 minutes.
Immersion in a second fluidized sand bath held at room temperature provided rapid
quenching. The autoclaves were agitated by a rapid horizontal-shaking motion,
assuring good mixing of heterogeneous, multiphase mixtures. Individual thermo-
couples allowed continuous temperature monitoring of each microautoclave. For all
experiments reported here, the reactors, once pressurized, were isolated from the
gas-handling manifold by a valve and a short length of tubing of negligible
volume. This prevented loss of water from the reaction zone due to condensation
in the unheated portion of the system. Separate experiments using different
reactors, in which it was possible for water to migrate to unheated regions of the
system, indicated that such water loss had a profound but erratic effect on
measured values for pressure and coal conversion, and generally led to misleading
data.

The pressure at reaction temperature was not measured directly in these
experiments. Using van der Waal's equation, the partial pressure of water was
estimated as 1700 psi at 385°C in those cases where 1.7 g of water was charged.
When 3.4 g was charged, the partial pressure was estimated at 2670 psi. At this
temperature, the partial pressure due to hydrogen is estimated to be about 2600
psi. Total pressures are thus about 4300 psi or 5300 psi. The density of super-
critical water was 0.05 g/mL when 1.7 g was charged and 0.11 g/mL when 3.4 g was
charged.

Table 1 gives the analyses of the Illinois No. 6 (River King Mine) bituminous
coal and the vehicles used in these experiments.

Most of the conversion values were obtained by the centrifugation method

given below. Conversions for run 13 and the three series HD2, HD3, and HDY4 were
determined by a somewhat different method based on filtration of the insolubles.

360




S

TABLE 1. Elemental Analyses of Coal and Vehicles.2

Material C H N 0 S

Illinois No. 6

Coal, River 73.7 5.6 1.5 4.8 4.5
King Mine®
SRC-II Distillate 87.1 8.0 1.4 3.0 0.4
Lummus Vehicle® 89.8 6.8 1.0 1.8 0.5

2 wt.%, daf basis, Huffman Labs, Wheatridge, Colo.

b Moisture-free ash content was determined to be 13.6 wt.% for the River
King Coal. As used, the coal contained 3 wt.% water.

€ Obtained from operations of the integrated two-stage Lummus liquefaction
plant at Bloomfield, N.J., on Illinois No. 6 coal.

Separate experiments established that similar values were obtained by both
methods.

Following gas collection and measurement via water displacement, the reactors
were washed out with tetrahydrofuran (THF) together with physical scraping of the
reactor walls. The THF was distilled before use to remove the inhibitor. The
reactor and contents were sonicated to aid the dissolution and/or dispersion of
the products in THF. . This was repeated until the THF solution was clear and the
reactor tare weights before and after reaction agreed to within +0.01 gram. The
total volume of THF so accumulated (~300 mL) was evaporated in a hood to a volume
of about 50 mL and transferred to a tared 250 mi. centrifuge bottle., Additional
THF was added to bring each volume up to ~15Q,mL, and the bottles were centrifuged
at 3500 rpm for 20 minutes. The THF solution was then decanted and an additional
150 mL of THF was added to each residue in the bottle with stirring. This
centrifugation/decantation/solvent addition sequence was repeated until the opaque
solution became ambx and opalescent. Experience indicated that such a process
was necessary twice {in the higher conversion runs and up to 5 times with lower
conversions. The residues (THF-insolubles) were’ then dried overnight in their
bottles in a vacuum oven at 1109C under an aspirator-maintained vacuum. The oven
was purged with nitrogen until the temperaturei’.uas below 60°C, and the bottles
with residues were allowed to cool in air and were then weighed. The percent con-
version was equal to

100 - wt. THF-insoluble residue - wt. ash x 100
wt. moisture, ash-free coal

The reproducibility was usually within 1-2%.

The THF solutions obtained from the above procedure were roto-evaporated
under an aspirator vacuum in tared, 250-mL round-bottom flasks. When no more
solvent was seen to condense, the flasks were dried and the THF-soluble products
were thus obtained. In some cases, cyclohexane solubles were isolated using a
similar procedure. The THF extracts were transferred to 250-mL centrifuge tubes
with 26.0 * 1 mL of hot THF with the aid of sonication. To these solutions,
125 mL of e¢yclohexane was added and the centrifugation process employed, followed
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by a second extraction with an additiomal 150 mL of pure cyclohexane. The
extracts were recovered by roto-evaporation of the solutions and drying in the
vacuum oven at 110° overnight.

For a typical run, the gas analysis showed COz and H;S were the major gases
produced, along with the much lesser amounts of methane, ethane, and propane. The
yields for one run were 4.2 wt.% for COz, and 0.3 wt.% each for methane, ethane,
and propane, on a daf coal basis.

In experiments 6E and 6F of Table 3, where a coal/water/catalyst slurry was
used, the procedure was as follows. Catalyst was added to 8.5 mL of solution of
200 ppm Aerosol OT surfactant (American Cyanamid) in water in a round-bottom
flask, and the mixture slowly added to 10 g coal with physical mixing, followed by
immersion in a sonic bath for S minutes, followed by rotation on a roto-evaporator
at atmospheric pressure while submerged in a ice bath for 15 minutes. This slurry
did not appear to settle with time. The slurry was mixed by hand again just prior
to transfer of 7.4 g to the microautoclave. In experiment 6D, an aqueous solution
of catalyst was added to the coal in the autoclave; and in 6G, 6H, and 6J, a
solution of catalyst containing 200 ppm Aerosol OT was added. In experiment 6K, a
slurry made as in 6E and 6F above was dried in a vacuum oven before use. In
experiment 6I, such a dried slurry was added to the autoclave with fresh water.

RESULTS AND DISCUSSION

Table 2 shows the results of runs made to measure conversion of Illinois
No. 6 (River King Mine) bituminous coal under a variety of conditions selected to
uncover effects of water addition. Since this work was directed toward replacing
or reducing the amount of organic recycle vehicle normally employed, all of the
experiments reported here were conducted with the relatively low vehicle-to-coal
ratios of 0.5 or less. Experiments with higher ratios showed no better con-
versions. As may be seen, without addition of water, conversions for these high
coal-content slurries are quite low at the very moderate reaction temperatures
employed. The addition of 0.42 parts water based on coal (the amount contained in
a T70/30 coal/water slurry) increases conversion significantly. Evidently, reason-
able conversions can be obtained using this minimal amount of water provided the
loading of recycle vehicle is not too low, that is 1.6 g or above in the case of
HD3-1, -2, and -3. We also note that under these mild, non-catalytic conditions
the nature of the reducing gas had little effect, since in one experiment (HD4-2),
the substitution of carbon monoxide for hydrogen had little effect on the con-
version, The use of the more severe conditions of 1200 psi hydrogen (cold) and
4270C produced a small increase in conversion as expected (13 and HD2-3). How-
ever, variables other than reaction severity may have more significant effects,
since still higher conversions were obtained at 385°C by appropriate choice of the
organic vehicle, as discussed later.

A second series of experiments was run under conditions chosen to reveal the
effect of the nature of the organic vehicle used in noncatalytic aqueous lique-
faction. In a general way, conversions increased moderately as the organic
vehicle was changed from one usually considered to be a poor hydrogen donor
(1-methylnaphthalene) to vehicles considered to be better hydrogen donors
(tetralin and 9,10-dihydroanthracene). Thus, the usual concepts of hydrogen-donor
liquefaction chemistry may also be applied usefully to this series of less con-
ventional liquefaction systems.

If good conversion in a noncatalytic system requires a minimal amount of an
organic vehicle and also benefits from the addition of some water, it is
reascnable to ask if the combination of organic vehicle and water is superior to
either used separately. The final set of experiments in Table 2 indicates that
this is the case. Conversion was poor without either (HD29-4), much improved with
water alone (HD29-3), and still better with SRC~-II distillate vehicle alone
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(HD19-3,4). A combination of SRC-II distillate and water (HD18-3,4) produced a
conversion better than either used separately.

Cyclododecane is a high-boiling hydrocarbon expected to be a poor hydrogen
donor. When it was used as a nondonor vehicle, the conversion fell between the
value for water and that for SRC-II distillate used in a lesser amount. When used
in combination with SRC-II distillate, the conversion was not improved over that
of SRC-II distillate alone. This stands in contrast to the result obtained for
the combination of SRC-II distillate plus water. This different behavior
indicates that addition of the second component to SRC-II distillate is not acting
simply to dilute the relatively small amount of the recycle vehicle used in these
experiments.,

Table 3 contains data for the catalytic liquefaction of coal in the presence
of water. When various forms of molybdenum are added to the coal, conversions are
substantially increased. Clearly, high temperatures are not required for these
molybdenum catalysts to influence liquefaction. More important, with catalyst
present, the organic vehicle may be totally replaced by water without loss in con-
version. As was seen in Table 2, this result was not obtained in the absence of
catalyst, The important function of water is also underscored by the rather low
conversion obtained with added catalyst but with no vehicle of any kind, i.e., a
dry hydrogenation (6K).

Conversion increases continually with catalyst loading up to at least
1000 ppm molybdenum on coal (64, HD30-1, -2, -3). Of the several methods used for
application of the catalyst, none seemed to give notably superior results insofar
as THF conversion values are concerned. However, there are indications now under
study that the yield of lighter products may change significantly according to the
method of catalyst application.

The surfactant, Aerosol OT, wused to assist the preparation of
coal/water/catalyst feed slurries had a small beneficial effect on conversion in
both the presence of catalyst (HD30-4 vs. HD30-1) and the absence of catalyst
(HD29-3 vs. 64). At this point, it is only possible to speculate that the
surfactant enhances the action of the water by improving the wetting of the coal.

In one case (6F), a low-boiling ether, THF, was substituted for water. The
conversion was unexpectedly high, albeit the catalyst loading was twice that used
with water. Tetrahydrofuran is quite effective in swelling River King coal at
room temperature. The connection between this property and the liquefaction
result is presently unclear, but investigation of a series of lower molecular
weight vehicles may shed more light on the structural requirements for superior
performance. These and related experiments are in progress.

Table 4 gives the data for analyses of the THF-solubles isolated from runs
HD19-1,2 in which 1000 ppm Mo was used as catalyst in conjunction with surfactant.
Except for the higher-than-usual oxygen content, these are typical analyses for a
coal liquefaction product. The infrared spectrum of the cyclohexane solubles
obtained from a dilute CH,Cl. solution shows that about 2.1 wt.% of oxygen is in
phenolic OH and the remaining 5% is presumably in ethers. The carbon aromaticity
of the THF solubles was determined by !'3C-CP/MAS NMR to be 0.72, which is
virtually identical to that of the feed coal. The data for characterization of
the products in hand so far are in accord with the rather mild conditions used to
bring about the conversions.

The preliminary results obtained so far form a basis for an encouraging
outlook on liquefaction with water or other nondonor vehicles. High coal
conversions were obtained at modest temperatures with use of little or no organic
recycle vehicle. Thus, 1t is possible and feasible to use water as a substitute
liquefaction medium. The advantage in doing so in continuous units is still to be
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TABLE 4. Elemental Analyses and Molecu]éar Weights
of HD19-1,2 Product Fractionms.

Elemental b Cyclohexane Tetrahydrofgran Tetrahydrofuran
Analysis (wt.%) Solubles Solubles Insolubles
o 82.9 81.8 24.5
H 7.3 5.9 1.4
[ 7.1 7.3 7.5
N 1.2 1.9 0.5
S 1.8 1.9 6.9
Ash (wt.%), 750°C —- --- 66.2
Molecular Weight, M 1300¢

4 Huffman Laboratories, Wheatridge, Colo.
b Average of duplicate microanalyses.
€ Dried to constant weight @ 30°C under vacuum before analysis.

d ypo in pyridine at 90°C.

demonstrated. At the least, a different line of investigation is now open whereby
important questions regarding the mechanism of liquefaction may be addressed.
Since no organic vehicle need be used, the coal-derived products of liquefaction
may be analyzed without interference. At the same time, the presence of a fluid
medium provides better heat transfer and better dispersion of the reactants than
possible with dry hydrogenations. It is expected that further work will be fruit-
ful by determining how the course of liquefaction is affected by the chemical and
physical properties of water or other nondonors and by uncovering the important
variables associlated with the use of dispersed catalysts at mild liquefaction
temperatures.
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AQUEOUS LIQUEFACTION OF ILLINOIS NO. 6 COAL

Bogdan Slomka, Tetsuo Aida,
and Thomas G. Squires
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INTRODUCTION

Near its critical point (T, = 374°c, P, = 218 atm.), water is a
good solvent for organic (1) as well as inorganic materials while, at
ambient conditions, most organics are insoluble in water. Water is
also thermally stable, even at temperatures above 450°C, and has a
large heat capacity. Finally, water is very cheap compared to other
solvents.

By virtue of this combination of properties, water has great
potential as a solvent for coal liquefaction and has drawn the atten-
tion of a number of investigators in recent years {(2-6). These re-
searchers have established a number of advantages for water including:

i. Ease of separation of solvent and product;
ii. Minimal char production (2);
iii. Use of soluble catalysts (3,4); and
iv. Relatively high liquefaction yields.

Recently, we developed a unique flow mode reactor (7) which has
enabled us to isolate processes contributing to coal liquefaction and
to investigate them dynamically. Using this reactor with a variety of
solvents, we established 300°C as the threshold temperature for ther-
mal chemical solubilization of Illinois No. 6 Coal; and in the 360-
420°C range, we obtained conversions ranging from 15% in hexane to 44%
in toluene.

Our recent investigations have focused on two important com-
ponents of coal conversion: thermal chemical reactions and dissolution
of coaly material (including thermolysis products) in the solvent; and
we are exploring the effects of temperature and pressure on these
processes., Here, we report the initial results of our investigation
of these effects in the aqueous liquefaction of coal and compare these
results to those obtained with other solvents.

EXPERIMENTAL
General

Illinois No. 6 coal from the Ames Lab Coal Library was used in
these studies. This coal has the following ultimate analysis (dmmf
basis): 78.82% C; 5.50% H; 1.59% N; 2.29% S ; and 10,05% ash. Prior
to use, this coal was ground, sized to 60 100 mesh, and dried at
110°c overnight under vacuum. Conversions were measured gravi-
metrically and are reported as % weight loss on a raw coal basis.

*Operated for the U.S. Department of Energy by Iowa State University
under contract No. W-7405-Eng-82.
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Flow Mode Extraction of Coal

The liquefaction experiments were carried out in the apparatus
shown schematically in Figure 1. Typically, the reactor was loaded
with 500 mg. of coal (leaving a free volume of 0.70 ml); and the
system was filled with solvent and brought to operating pressure
(usually 3000 psi). Heating (rate ~ 150°C/min) and solvent flow (1.0
ml/min) were initiated simultaneously; and constant temperature and
pressure were attained within three minutes. Extraction was continued
for one or, in some cases, two hours. In some experiments, conditions
were changed at predetermined points during the run. After cooling
and flushing with nitrogen, the residue was removed from the reactor,
dried at 110°C overnight under vacuum, and weighed.

RESULTS AND DISCUSSIONS

The advantages of the Flow Mode Extractor used in these experi-
ments has been established in a previous report from this laboratory
(7). These advantages are analogous to those reported for other rapid
heating, continuous product removal techniques (e.g. heated grid
vacuum pyrolysis (8)) and include suppression of retrogressive
reactions and dynamic observation of changes which occur during the
course of the conversion.

Flow Mode Extraction of Coal with Water

Our initial experiments were conducted for the purpose of com-
paring aqueous extraction yields to those which had been obtained
using a series of nominally unreactive organic solvents (9). Figure 2
shows a comparison of the extraction yields for these solvents at
420°C and 3000 psi with that of water at 400°C and 3580 psi. Clearly,
water is one of the best "nonreactive" solvents for the thermal lique-
faction of coal. This conclusion also holds at 370 and 400°C, the
other temperatures included in this investigation.

We can find only one basis for comparing batch and flow mode
systems in the aqueous liquefaction of Illinois No. 6 Coal. At 400°C
Vasilakos reports batch mode conversions of 34.0% (3580 psi) and 29.5%
(3070 psi) (10). Under identical conditions in our reactor, we find
extraction yields of 38.2% and 33.6%, respectively.

Temperature and Pressure Effects on Aqueous Liquefaction

Because of the unusually high critical pressure of water (P, =
3206 psi; cf. benzene: P, = 716 psi), interesting tempera-
ture/pressure/conversion relationships were expected for aqueous ex-
traction of coal. The effects of temperature and pressure on conver-
sion are reported in Table 1. Trends in this behavior are more
apparent in Figure 3 which plots conversion vs. density for a series
of isotherms.

At 370°C, conversion begins to decrease gquite rapidly as the den-
sity approaches 0.15 g/ml, and we believe that there are similar
"threshold" densities at the higher temperatures. However, pressures
fluctuated wildly during the latter experiments, and we were unable to
obtain meaningful data under these conditions. In the low density
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Table 1. Effect of Temperature and Pressure on the Aqueous
Extraction of Illinois No. 6 Coal

Expt. Temperature Pressure Density? Weight Loss
No. (°c) (psi) (g/ml) (%)

16 370 1925 0.061 14.6

17 370 2950 0.151 31.8

18 370 3207 0.485 34.9

22 380 2950 0.128 34.3

11 380 3220 0.174 35.4

21 380 3750 0.482 35.6

19 400 3070 0.113 33.6

20 400 3580 0.163 38.2

a. For pure water (11).

region, it appears that conversion is limited by solubility since
thermal processes should proceed at about the same rate under both
high and low density conditions.

Our final series of experiments were designed to determine
whether the "extract" remaining in the low density residue after
extraction for one hour at 370°C and 1925 psi was recoverable by
simgly increasing the pressure to 2950 psi. We suspected that, at
3707C, much of this material would be fixed by retrogressive reactions
during the period of low density extraction. Surprisingly, in a two
stage experiment at 370°C (first stage 1925 psi, extraction time 1
hour; second stage 2950 psi, extraction time 1 hour), we obtained an
extraction yield of 31.6% compared to 31.8% conversion for one stage
extraction at 2950 psi. We are puzzled by this behavior and plan to
continue our investigations by analyzing products at discrete inter-
vals during the course of the conversion.
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